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PBEFACE 


TO 

.THE FOURTH EDITION. 


• • 

The great body of this york, dealing as it does with 
the immovable truths of Acoustics, remains in the present 
edition substantially as it was in the former ones. 

■N^ous additions and eorrections have, however, been 
made to the i^ork. 

Last year I presented to the Royal Society a lengthy 
mejnoir on the ‘.Action of Free Molecules ux)on Radiant 
Heat, and iti^ Conversion thereby intp Sound.’ "A desire to 
describe the methods and results of this investigation in 
the present edition has retarded its* publication. They 
are here briefly set forth. 

^ Last year, likewise, I communicated to the Royal 
Society a shoft f aper on tlie ‘ Soundless Zones ’ observed 
by Gefieral Duane to surroui^ the Fog-signal Stations .§n 
the Coast of the United States. The explanation therein, 
given of this remarkable phenomenon Is reproduced and 
illustrated in the present work. It will, I trust, be foun5 
satisfactory. 

Brief descriptions of the • telephones of Bell and 
Edison, of the microphone, aftd *of ^e phonograph, are 
. introduced. 



Experiments are described touching the action upon 
sound, of soap-bu|^Ies filled with nitrous oxide and 
hydrogen respectiv^. The effect of a change of velocity, 
as regards sound, is thus rendered strikingly manifest, 
while the student is helped to a clear conception of the 
consequences o^ a similar change in yegdi^ , to light. 

The observations on fog-signalling described in Lec- 
ture VII. have been somewhat amplified, and rendered 
more intelligible by the introduction of maps.' 

The stoppage of sound by a non-homogeneous atmo- 
sphere, and the consequent production of aernil echoes, are 
also further illustrated. 


J. T. 


Eoyal Institutios : 
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LECTURE I. 

PRODUCTION AND PROPAGATION OP SONOROUS MOTION — SOUNDING BODIES IN 
VACUO — DEADENING OF SOUND BY HYDROGEN — PROPAGATION OF SOUND 
THROUGH AIR OF VARYING DENSITY — REFI«5CTION OF SOUND— ECHOES — 
REFRACTION OF SOUND — DIFFRACTION OF SOUND— INFLUENCE OF TEM- 
PERATURE ON VELOCITY — INFLUENCE OF DENSITY AND ELASTICITY — NEW- 
TON’S CALCULATION OF VELOCITY — LAPLACES CORRECTION OP NEWTON's 
FORMULA — RATIO OP SPECIFIC HEATS AT CONSTANT PRESSURE AND AT 
CONSIST VOLUME DEDUCfiD FROM VELOCtTIES OF SOUND — MECHANICAL 
EQUIVALENT OF HEAT DEDUCED* FROM THIS RATIO — INFKRENX'K THAT 
ATMOSPHERIC AIR POSSESSES NO blSNSlBLE PO^'KR 10 RADIATE HEAT — 
VELOCITY OP SOUND •IN DIFFERENT fUSES — VELOCITY IN I.IQUIDS AND* 
SOLIDS — INFLUENCE OF MOT.ECULAR STRUCTURE ON THE VELOCITY OF 
SQUND. 

§ 1. CharaHtr of Sonm^ous Motion. Expei'imentcd 
Illustrations. 

T he various nerves of the^huinan body have their 
origin in the brain, which is the seat of sensation. 
When a finger is .wounded, .the sensor nerves convey to 
the brain intelligence of the injury ; while if these nerves 
be severed, however serious tht^hiirt may be, no pain is exi 
perienced. We have the strongest reason for believing that 
what the nerves convey to the brain is in*all cases 
The motion here meant? is not, however, that of the nerve 
as a whole, but^f its molecules or smallest paHicles.* 

* The rapidity with which an impressiun is i;ransmittetl through the 
nerves of the frog, as first determined bJ'.HolInholtz and confirmed by Du 
Bois Baymond, is 93 feet a second. More recent •measurements make it 
robaible that in man and the higlier animals the iMte of propagation « 
ach more rapid. 
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In the diflFerent parts of the brain to which they 
are communicated, the molecular motions of the nerves 
excite sensations of different kinds. Thus the motions 
sent fofward from the tongue and palate have their 
correlative in the sense of taste ; the motions sent from 
the retina along the optic nerve awake the sense or 
consciousness of light ; while the motions with which we 
are now more especially concerned, and which are trans- 
naitted by the auditory nerve^ produce in the brain the 
sensation of sound. 

Applying a flame to a small collodion balloon which con- 
tains a mixture of oxygen and hydrogen, the ^es explode, 
and every ear in this room is “conscious of a shock, which 
we name a sound. How was this shock transmitted from 
t the balloon to our organs of hearing ? Have the explod- 
ing gases shot the air-particles against the auditory nerve 
as a gun shoots a ball against i, target ? No doubt, hi the « 
neighbourhood of the balloon, there is to some extent a 
propulsion of particles; but no j^article of air from the 
vicinity of the balloon reached the ear of «any person !^ere 
present. The process was this : When the flame touched 
the mixed gases they combined chemically, and their 
union was accompanied by the development of intense 
heat. The heated air oKpanded suddenly, forcing the 
surrounding air violently away on all sides. This motion 
of the air close to the balloon was cagidly imparted 
to that a little further oft*, the air first set in, .motion 
6oming at the same time* to rest. The air, at a little 
distance, passed^jts motion on to the air at a greater dis- 
tance, and came also in its turn to rest. Thus each shell- 
of air, if I may use the term, surrounding the balloon tool? 
up the motion oFthe shelly next preceding, and trans- 
mitted it to the nest succeeding shell, the motion being 
thus propagated a^ a puls^ or wave through the air. 
t The motion of the pulse mifst hot be confounded )yith 
.the motion of tfee particles which at any moment constitute 
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the pulSe. For while the wave moves forward through 
considerable distances, each particular particle of air makes 
only a small excursion to and fro. . 

The process may rudely represented by the propa- 
gation of motion through a row of glass balls, such as are 
employed in the game of solitaire. Placing the bails 
along a groove thus, fig. 1, each of them touching its 
neighbour, and urging one of them against the end of the 
row ; the motion thus imparted to the first ball is deliveted 
up to the second, the motion of the second is delivered up 
to the third, the motion of the third is imparted to the 
fourth ; each ball, aifter having given up its motion, re- 
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turning itself to rest. The last ball only of the row flies 
away. In a similar way is sound conveyed from layer to 
layer through the air. The air which fills the external 
cavity of the ear is finally driven against the tympanic 
membrane^ wlych is stretched across the passage leading 
from th^ external air towards the brain. The vibrations of 
this membrane, which closes ohtwardly the ‘ drum ’ of th% 
ear, are transmitted through a series of Jpones to Inother 
membrane, which closes the drum inwardly, thence through 
Abater to the ends of the auditory nerve, and afterwards 
along that nerv*e to the braii^ Here tlffe physical becomes 
psychical, mechanical vibrations 'giving birth to the con- 
sciousness of sound. 

The possession of clear ^fundamental ideas is so impor- 
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tant, that I prbpose.to illustrate the propagation 5f sound 
by another homely but useful experiment. I have here 
five young assistants, a, b, c, d, and E, fig. 2, placed in a 
row, one behind the other, each boy’s hands resting against 
the back of the boy in front of him. E is now foremost, 
and A finishes the row behind. I suddenly push a, a 
pushes B, and regains his upright position ; B pushes c ; 
C pushes D ; D pushes E ; each boy, after the transmission 
of the push, becoming himself erect. E, having nobody 
in front, is thrown forward. Had he been standing on the 
edge of a precipice, he would have fallen over ; had he 

Fio.,2. 
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stood in contact with a window, he would have broken the 
glass ; had he been close to a drum-Kead, he would have 
shaken the drum. We cofild thus transmit a push through 
a row of a hundred boys, each particular boy, however, 
only swaying to and fro. Thus, also,* we send sound 
through the air, and shake the drum of a distant ear, while 
each particular particle of the air concerned in the trans?- 
mission of the pu^se makes only a small oscillation. 

c But we have not yet extracted from our row of boys 
all that they can teach us. When a is gushed he may 
yield languidly, and thus tardily deliver up the motion to 
his neighbour B. B*mqy do the same to c, c to d, and D to 
E. In this way the motion might be transmitted with 
cotnparativei slowness along the line. But a, whep pushed. 
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may? by a sharp muscular eflfort and sudden recoil, deliver 
up promptly his motion to b, and come himself to rest ; b 
may do the same to c, C to D, and D to E, the motion 
being thus transmitted rapidly along the line, Jfow, this 
sharp muscular effort and sudden recoil is analogous to 
the elasticity of the air in the case of sound. In a wave 
of sound, a lamina of air, when urged against its neigh- 
bour lamina, delivers up its motion and recoils ; and the 
more rapid this delivery and recoil, or in other words the 
greater the elasticity of the air, the greater is the velocity 
of the sound. 

A very instructive mode <j£ illustrating the transmission 
of a sound-pulse is furnished by the apparatus represented 

Fio. 3. « 



in fig. 3, devised by my assistant, Mr. Cottrell. It con- 
sists of a series of wooden balls separated from^ach other 
by spiral sprifigs. On striking the knob A, a rod attached 
to it impinges upon the first ball b, 4vhich transmits its 
motion to c, thence it passes to^E, and so on through the 
entire series. The arrival at d is announced by the shock 
of«the terminal ball against the wood, or, if we wish, by 
the ringing of a bell. Here the elasticity of the air is 
represented by that of the springs. The pulse may ]jp 
rendered slow enough to be followed by the eye. • 

Scientific education ought to teach *us to see the in- 
visible as well as the visible in nature ; to picture with 
the vision of the mind those operations which entirely 
elude bodily vision. With fegard to the point now under 
consideration, we must endeav&ur to form a definite image 
of a wave of sound. W« must be able*to see mentally the 
air particles whep urged outwards by the explosion of our 
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balloon crowding closely together ; the particles immedi- 
ately behind this condensation being separated more 
widely a^jpart. We must, in short, be able to seize the 
conception that a sonorous wave consists of two portions, 
in the one of which the air is more dense, and in the other 
of which it is less dense than usual. A condensation and 
a rarefaction, then, are the two constituents of a wave of 
sound. 


§ 2. Experiments m Vacuo^ in Hydrogen^ and on 
,Mo'antain8, 

That air is thus necessary to the propagation of sound 
was first experimentally proved by the illustrious Robert 
Boyle. His experime^ft, after an<» interval of apparent 
oblivion, was revived by HawkSbee, in 1705. A bell was, 
so fixed within the receiver of an air-pump that the bell 
could be rung when the receiver was exhausted. Before 
the air was withdrawn the sound of the bell was heard 
within the receiver; after the air was withdrawn the 
sound became so faint as to be hardly perceptible. An 
arrangement is before you which enables us to repeat this 
experiment in a very perfect manner. Within this jar, ’ 
G g', fig. 4, resting on the plate of an air-pump, is a bell^B, 
associated with clockwork.' After the jai© has been ex- 
hausted as perfectly as possible, I release, by mejins of a 
#od, r r\ which passes air-tight through the top of the 
vessel, the detect which holds the hammer. It strikes, 
and you see it striking, but only tl^ose close to the bell can 
hear the soipid. Hydrogen gas, which you know is four- 
teen times lighter than now allowed to enter the 

vessel. The sound'^^ of ^ the bell is not augmented by the 

r ’ A very effective instrument, presented to the Boyal Instituticsn by 
Hr. Warren De La, Ru^. ^ 
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presence of this attenuated gas, though the receiver is now 
full of it. By working the pump, the atmosphere round 
the bell is rendered still more t, ^ 

attenuated. In this way we 
obtain a vacuum more perfect 
than that of Boyle or Hawks- 
bee, and this is important, for 
it is the last traces of air that 
are chiefly eflSSgtive in this ex- 
periment. now see the 

hammer striking the bell, but 
you hear no sound. Even 
when the ear is placed against 
the exhausted receiver, not 
the faintest tinkle is heard. 

The ^ iell is suspeilded ^ by 
strings, for if it were allowed 
to rest upon the 4 )late of the 
air-pump the vibrations would 
be Communicated to the plate, 
and thence transmitted to the 
air outside. 

Permitting the air to re-enter the jar with as little 
noise as possible, you immediately hear a feeble sound, 
M^iich grows louder as the air becomes more dense, until 
finally every person in this large assembly distinctly hears 
the riflging of the bell.^ ^ 

Sir John Leslie found hydrogen singularly incompetent, 
to act as the vehicle of the sound of bell rung in the 
igas. More than thi8,«he emptied a receiver like that be - 
fore you of half its air, and plainly hgard the ringing of 

* By directing the beam of an eleclyic lamp on glass bulbs filled with* 
a mixture of equal volumes of chlorine and hydrogen, I have caused the 
buMbs to e^lode in vacuo and in*air. The difference, though not so sU'ik- 
ing as I at first expected, was perfectly distinct. 
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the bell. On permitting hydrogen to enter the half-filled 
receiver until it was wholly filled, the sound sank until 
it was scarcely audible. This result remained an enigma 
until it deceived a simple and satisfactory explanation at 
the hands of Professor Stokes. When a common pendu- 
luhi oscillates, it tends to form a condensation in front and 
a rarefaction behind. But it is only a tendency \ the 
motion is so slow that the highly elastic air moves away 
in front before it is sensibly condensed, and fills the space 
behind before it can become sensibly dilated. Hence 
sonorous waves or pulses are not generated by the pendu- 
lum. It requires a certain sharpness of shock to produce 
the condensation and rarefaction which constitute a wave 
of sound in air. 

‘ The more elastic and mobile the gas, the more able 
will it be to move away in fjont 'and to fill the space 
behind, and thus to oppose the formation of rarefactions ‘ 
and condensations by a vibrating body. . Now, hydrogen is 
much more mobile than air ; and hence the production of 
sonorous wp-ves in it is attended with greater difficulty 
than in air. A rate of vibration quite competent to 
produce sound-weaves in the one may be wholly incom- 
petent to produce them in the other. Both calculation 
and observation prove the correctness of this explanation, 
to which we shall again refer. 

At great elevations in the atmosphere sound is sensibly 
diminished in loudness. D§ Saussure thought the*" explo- 
sion of ^ pistol at the summit of Mont Blanc to be about 
equal to that of a Common cracker below. I have several 
tidies repeated this experiment; fiist, in default of any-t 
thing better, *with ^ little tin cannon, the tom remnants 
o which are now before you, Hnd afterwards with pistols. 
What struck me most was the absence of that density and 
sharpness in the found which^ characterise it at lower 
eleVations. The pistol-shot resembled tl^e explosion of a 
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champagne bottle, but it was still loud. The withdrawal 
of half an atmosphere does not very materially affect our 
ringing bell, and air of the density found at the top of 
Mont ^lanc is still capable of powerfully affecting the 
auditory nerve. That highly attenuated air is able to 
convey sound of great intensity is forcibly illustrated ty 
the explosion of meteorites at elevations where the tenuity 
of the atmosphere must be extreme. Here, however, the 
initial disturbance must be exceedingly great. • 

The motion of sound, like all other motion, is enfeebled 
by its transference from a light ^body to a heavy one. 
When the receiver which has hitherto covered our bell is 
removed, you hear how mi^ch more loudly it rings in the 
open air. When the bell was covered the aerial vibra- 
tions were first communicated to the heavy glass jar, and 
afterw8,rds by the jar •to the air outside ; a great diminu- 
• tion of intensity being the consequence. The actioyfi of 
hydrogen gas upon, the voice is an illustration of the same 
kind. The voice is formed by urging air from the lungs 
through an organ called the larynx, where it is thrown 
into vibration by the vocal chords^ sonorous waves being 
thus generated. But when the lungs are filled with hy- , 
drogen, the vocal chords on speaking produce a vibratory 
motion in the hydrogen, which* then transfers the motion 
t(^ the outer air. By this transference from a light gas to 
a heavy one the voice is so weakened as to become a mere 
squeak?^ 

The intensity of a sound depends on the densi^ of tfie 
air in which the sound is generated, and not on that of the 
|tir in which it is heardi* Supposing the summit of Mont 
Blanc to be eqjially distant from the ^op oft the Aiguille 

• In this experiment well-pnrifie3 hydsogen is placed in an india rubber 
l>ag ; the lungs are then emptied and the gas inhaled. The effect is so 
curious that the speaker can hardly rid himself the idea that he is im- 
posiiig upon the hearer. * • 

* PoisaAi Mhani^e, vol. ii. p. 707. 
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Verte and the bridges at Chamouni; and supposing two 
observers stationed, the one upon the bridge and the 
other upon the Aiguille : the report of a cannon tired on 
Mont Bknc would reach both observers with the same in- 
tensity, though in the one case the sound would pursue its 
w&y through the rare air above, while in the other it would 
descend through the denser air below. Again, let a 
straight line equal to that from the bridge at Chamouni 
to the summit of Mont Blanc be measured along the 
earth’s surface in the valley of Chamouni, and let two 
observers be stationec^ the one on the summit and the 
other at the end of th^ line ; the report of a cannon tired 
on the bridge would reach both observers with the same 
intensity, though in the one case the sound would be 
‘propagated through the dense air of the valley, and in 
the other case would ascend through the rarer air ,.of the 
moiHitain. Finally, charge two cannon eqiwtlly, and tire" 
one of them at Chamouni and the other at the top of 
Mont Blanc ; the one tired in the heavy air below may be 
heard abov^, while the one tired in the light air is unheard 
below. 

§ 3. Intensity of Soun{l, Law of Inverse Squares. 

In the case of our exploding balloon the wave lOf 
sound expands on all sides, the motion produced by the 
explosion being thus diffused over a continually aiigment- 
ing ma^s of air. It is perfectly manifest that this cannot 
occur without an^ enfeeblement of the motion. Take the 
cafse of a thin shell of air with ci radius of one foot^ 
reckoned from thq centre of explosion. A shell of the 
same thickness, but of tyro ftet radius, will contain four 
times the quantity of matter ; if its radius be three feet, 
it will contain nin6 times the q,uaiitity of matter ; if four 
feet, it will contaiq sixteen times the quantity of matter. 
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and so on. Thus the quantity of matter set in motion 
augments as the square of the distance from the centre 
of explosion. . The intensity or loudness of sound dimin^ 
ishes in the same proportion. We express this law by 
saying that the intensity of the sound varies inversely as 
the square of the distance. 

Let us look at the matter in another light. The me- 
chanical effect of a ball striking a target depends on two 
things — the weight of the ball, and the ^velocity with 
which it moves. The effect is proportional to the weight 
simply ; and it is proportional to the square of the velocity. 
The proof of this is easy, bpt it belongs to ordinary me- 
chanics rather than to oup present subject. Now, what is 
true of the cannon-ball striking a target is also true of air 
striking the tympanum of the ear. Fix your attention 
upon particle of air* as the soulid-wave passes over it ; 

‘ it is urged from its position of rest towards a neighbour 
particle, first with an accelerated motion, and then with 
a retarded one. ^ The force which first urges it is opposed 
by*the resilience of the air, which finally stqps the par- 
ticle and causes it to recoil. At a certain point of its 
excursion the velocity of the particlei is at its maximum. • 
The imtensity of the sound is ^proportional to the square 
of this maximurn velocity. 

• The distance through which the air-particle moves to 
and fro, when the sound-wave passes it, is called the am- 
plitude of the vibration. The intensity of the sound^is 
proportional to the square of the amplitude. 


§ 4. Confinement of Sound-waves in J'ubes. 

This weakening of the *sound, according to the law of 
inverse squares, would not talie place if the sound-wave* 
wgre so confined as to^prevent its lateral diffusion. By 
sending^it through a tube with a smooth interior surface 
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we accomplish this, and the wave thus confined may be 
transmitted to great distances with very little diminution 
of intensity. Into one end of a tin tube, fifteen feet 
long, I whisper in a manner quite inaudible to the people 
nearest to me, but a listener at the other end hears me 
distinctly. If a watch be placed at one end of the tube, 
a person at the other end hears the ticks, though nobody 
else does. At the distant end of the tube is now placed a 
liglited candle, c, fig. 5. When the hands are clapped at 
this end, the flame instantly ducks down at the other. 
It is not quite extinguished, but it is forcibly depressed. 
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When two j^ooks, B b', fig. 5, are clappeci together, the 
candle is blown out.' You may here observe, in a rough 
c way, the speed with, which the sound-wave is propagated. 
The instant the clap is heard the flame is extinguished. 
I do not say that the time required by the sound to travel 
through this tube is immeasurably short, but simply th&t 
the interval is too short for you to appreciate it. 

^ That it is a pulse and npt a puff of air is proved by 
c filling o^e end of the tube with the smoke of brown paper. 
On clapping the books together no trace of this smoke is 
ej^ted from the other end. The piflse has passed throiiglk 
both smoke aflad air^ without carrying either of them along 
with it. 

An effective mode of throwing the propagation of a 

c 

^ > To converge the pulse upon the flame, tie tuhe was caused to end in 

\ cone. . 
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pulse tlflrough air has been devised by my assistant. The 
two ends of a tin tube fifteen feet long are stopped by 
sheet india-rubber stretched across them. At one end, 6, 
a hammer with a spring handle rests against the india- 
rubber ; at the other end is an arrangement for the striking 
of a bell, c. Drawing back the hammer e to a distai9be 
measured on the graduated circle /, and liberating it, the 
generated pulse is propagated through the tube, strikes 
the other end, drives away the cork termination a of *the 
lever a 6, and causes the hammer h to strike the bell. 


Fio. 6. 



The rapidity of propagation is well illustrated here. When 
hydrogen (sent through the india-rubber tube h) is substi- 
tuted for air, the bell does not J*ing. 


The celebrated French philosopher, Biot, observed the 
ti%nsmission of jjound through the empty waterpipes of 
Paris, and found that he could hold a conversation in a 
low voice through an iron tubs 3,120 feet in length. The 
lowest possible whisper, indeed, could be heard at this dis- 
tance, while the firing of a pistol into one end of the tube 
quenched a lighted candle at the other. 

§ 5. The Reflection of iSound. • Resemblances to Light. 

The action of sound^thus illustrated is exactly the same 
as that of light and radiant heat They, like sound, are 



14 LE(OTBE I. 

■# ■ 

motions. Like sound, they diffuse themselves in 
spiM^IHidinunishing in intensity according to the same law. 
Like sound also, light and radiant beat, when sent through 
a tube with a reflecting interior surface, may be conveyed 
to great distances with comparatively little loss. In fact, 
evory experiment on the reflection of light has its ana- 
logy in the reflection of sound. On the gallery stands an 
electric lamp, placed close to a clock. An assistant in 
the* gallery ignites the lamp, and directs its powerful beam 
upon a mirror placed behind the lecture table. By the 


«• Fio. 7. 



act of reflection the divergent beam is converted into a 
luminous cone traced out upon the dust of the room. The 
point of convergence being marked and the lamp extin- 
guished, I place my ear at that point. The sound, like the 
, light, is ^thered up by the mirror, and the ticks are heard 
as if they came, not from the clock, but from the reflecting 
suf&ce. Let us stop the clock, ancj place a watch, w, fig. 
7, at the place occupied a moment ago bjr the electric 
light. At this great distancetthe ticking of the watch is 
distinctly heard. The hearing is much aided by introduc- 
ing the end / of a glass funnel into^the ear, the funnel here 
acting the part of an ear-trumpet. We know, iporeover. 
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that in optics the positions of a body and of its image^^e 
reversible. When a candle is placed at this lower iWls, 
you see its image on the gallery above, and I have only to 
turn the mirror on its stand to make the image of fhe flame 
fall upon any one of the row of persons who occupy the 
front seat in the gallery. Eemoving the candle, aif& 
putting the watch, fig. 8, in its place, the person on 
whom the light fell distinctly hears the sound. 

The ‘ conjugate mirrors,’ employed to illustrate the re- 
flection of light and radiant heat, are also applicable here. 
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(.)ne of these two parabolic mirrors, n ru , fig. 9, is placed 
uj^on the table, the other, .m m', being drawn up to a 
height ^f five-and-twenty feet. When the electric light 
.is placed in the focus a of the l«wer mirror, a parallel beauT 
rises like a luminous pillar to the upp^r mirror,* vrhich 
brings the beam to a focus. At that focus is seen a spqjb 
^f sunlike brilliancy, due to the reflection of the light from 
the surface of a*watch, w. The watch fc ticking, but I do 
not hear it. At this lower focus, "a, however, we have the 
energy of every sonorous wave ijonvergpd. Placing at a 
Ihe^ear, or better still a funnel with a tube reaching to the 
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ear, the ticking is as audible as if the watch were at hand ; 
the sound, as in the former case, appearing to proceed, not 
from the watch itself, but from the lower mirror.' 

CurvSd roofs and ceilings and bellying sails act as 

mirrors upon sound. 
Inconvenient secrets 
have been thus re- 
vealed, an instance of 
which has been cited 
by Sir John Herschel.^ 
In one of the cathe- 
drals in Sicily the con- 
fessional was so placed 
that the whispers of 
the penitents were re- 
flected by the curved 
roof, anc^ brought' to a 
focus at a distant part 
of the edifice. The 
focus "was discovered 
by accident, and for 
some time the person 
who discovered it took 
pleasure in hearing, 
and in bringing his 
friends tP hear, utter- 
ances intended for the priest alone. One day, it said, 
Kis own wife occupied the '^penitential stool, and both he 
and his*' friends \\[ere thus made acquainted with secrets 
wjiich were the reverse of amusing ^to one of the party. 

* It is recorded that^ bell placed on an eminence ii^ Heligoland failed, 
on account of its distance, to be hear(ik in the town. A parabolic reflector 
placed behind the bell, so«as to feflecc the sound-waves in the direction of 
the long sloping street, caused thetstrokes of the bell to be distinctly heard 
at all times. This observation needs verihe^tion. 

* Ency, Met, art. ‘ Sound.’ 
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When a sufficient interval exists between a direct and 
a reflected sound, we hear the latter as an echo. 

Sound, like light, njay be reflected several times in 
succession, and as the reflected light under thesa circum- 
stances becomes gradually feebler to the eye, so the suc- 
cessive echoes become gradually feebler to the ear. fci 
mountain regions this repetition and decay of sound pro- 
duce wonderful and pleasing effects. Visitors to Killarney 
will remember the line echo in the Gap of Diinlbe. 
When a trumpet is sounded at the proper place in the 
Gap, the sonorous waves reach the ear in succession after 
one, two, three, or more reflections from the adjacent 
cliffs, and thus die away in the sweetest cjidences. There 
is a deep cuUder^aac^ called the Ochsenthal, formed by the 
great cliffs of the Engelhorner, near Rosenlaui, in Switzer- 
land, where the echoes warble in a wonderful manner. 
The sound of the Alpine hbm, echoed from the rocks of 
the Wetterhom or the Jungfrau, is in the first instance 
heard roughly. But by successive reflections the notes 
are i^ndered more soft and flute-like, the gradual diminu- 
tion of intensity giving the impression that the source of 
sound is retreating further and further into the solitudes 
of ice and snow. The repetition of eclioes is also in part 
due to the fact that the reflecting surfaces are at different 
distances from the hearer. 

In large unfurnished rooms the mixture of direct and 
reflectecl sound sometimes produces very curious effects. 
Standing, for example, in the? gallery of the Bourse al 
Paris, you hear the confused vociferation of the excited 
multitude below. You^see all the motions — of their lips 
a9 well as of their hands and arms. You knpw they are 
sp^^pking — often* indeed, witl^ vehemence, but wdiat they 
“'^^ou know not. The voices jnix with their echoes into 
a chaos of noise, out of which no intelligible utterance can 
emeilge. The echoes of a room are materially damped by 

c 
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its furniture. The presence of an audience may also ren- 
der intelligible speech possible where, without an audience, 

. the definition of the direct voice is destroyed by its echoes. 
On the l§th of May, 1865, having to lecture in the Senate 
House of the University of Cambridge, I first made some 
experiments as to the loudness of voice necessary to fill 
the room, and was dismayed to find that a friend placed at 
a distant part of the hall could not follow me because of 
the echoes. The assembled audience, however, so broke 
up and quenched the sonorous waves, that the echoes were 
practically absent, and my voice was plainly heard in all 
parts of the Senate House. 

Sounds are also saM to be reflected from the clouds. 
.Arago reports that when the sky is clear the report of a 
rcannon on an open plain is short and sharp, while a cloud 
is sufficient to produce an echo like the rolling of distant 
thunder. The subject of aerial echoes will be subsequently 
treaited at length, when it will be shown that Arago’s con- 
clusion requires correction. 

Sir John Herschel, in his excellent aiticle ‘ Sound’ in 
the ^ EncyclopsBdia Metropolitana,’ has collected among 
others the following instances of echoes. An echo in 
Woodstock Park repeats seventeen syllables by day and 
twenty by night ; one on the banks of the Lago del Lupo, 
above the fall of Temi, repeats fifteen. The tick of a 
watch may be heard from one- end of th© ajt)bey church of 
St. Albans to the other. In Gloucester Cath^ral, a 
^llery of an octngonal form conveys a whisper seventy- 
five fee^. across th^e nave. In the whispering gallery of St. 
Pgul’s, the faintest sound is conveyed from one side to 
the other of the dome, but is not heard at any inter- 
mediate point. At Carisbr9ok Castle, m* the Isle of 
Wight, is a well 216 feeCdgepand 12 wide. The interior 
is lined with smooth plaster ; when a pin is dropped into 
the well it is distinctly heard to strike the water. Shout- 
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ing or c<mghirig into this well produces a resonant ring of 
some duration.* 


§ 6. Refraction of Sound. 

Another important analogy between sound and light 
has been established by M. Sondhauss.* A large lens 
compels the solar rays that fall upon it to deviate from 
their direct and parallel course, and to form a convergent 
cone behind it. This refraction of the luminous beam is 
a consequence of the retardation suffered by the light in 



passing through the glass. Sound may be similarly re- 
fracted by causing it to pass through aliens which retards 
its motion. Such a lens is formed when a thin balloon, 
which yields readily to the puifees striking agjiinst it, is 
filled with some gas heavier than air. A collodion, or a 
thin india-rubbei* balloon, », fig. 10, filled with carbonic 
acid gas, answers this purpose. A watch, w, is hung u^ 
close to the lens, beyond A^hich is placed the ear, 
assisted by the glass funnel / /. By moving the head 

• 

• * Placing himself close to flie upper part of the wall of the London 
Colosseum, a circula* building 130 feet in diamety, Sir (Jharles Wheat- 
stone found a word pronounced to repeated a greait many times. ’ A 
single exclamation appeared like a peal of laughter, while the tearing of a 
]>icco of paper was like the patter of hailf 

* PoggendorJSTs Annalen^ voit Ixxxv. p. 378; Pkilosoph. Mag. voJ. v. 
p. 73f. 
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about, a position is soon discovered in which th^ ticking 
is particularly loud. This is the focus of the lens. If 
the ear be moved from this focus the intensity of the 
sound falls ; if, when the ear is at the focus, the balloon 
be removed, the ticks are weakened ; on replacing the 
bsdloon their force is restored. The lens, in fact, enables 
us to hear the ticks distinctly when they are perfectly in- 
audible to the unaided ear.’ ' 

•How a sound-wave is thus converged may be compre- 
hended by reference to fig. 11. ■ Let m o n o" be a section 
of the sound-lens, and a 6 a portion of a sonorous wave ap- 
proaching it from a distance. 
‘The middle point, o, of the 
wave first touches the lens, 
and is first retarded by it. 
By tl\<e time the ends a and 
6, still moving through air, 
reach the balloon, the middle 

r 

point 0, pursuing its way 
through theheaviergas \^th- 
in, will have only reached o\ 
The wave is therefore broken at o ' ; and the direction of 
motion being at ri^t angles to the face of the wave, the 
two halves will encroach upon each other. This converg- 
ence of the two halves of the wave is augmented on quit- 
ting the lens. For when o' has reached o'', the two ends 
a and b will have pushed forward to a greater djstanc<e, 
s&y to a' and 6', Soon afterwards the two halves of the 
wave will cross each other, or in other words come to a 
fo(ius, the air at the focus being g,giUited by the sum of 
the motions ^f the two waves.* 

* A more complete mode of illultrating the refraction of sound is 

described in Lecture VI. * « 

* For the sake of si|[pplicity, the wave is shown broken at o, with its 
two halves straight. The surface of the w^'c, however, is really a curve, 
with its concavity turned in the direction of its prop^ation. r 
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§ 7. Diffraction of Sound : illustrations offered by 
great Explosions, 

When a long sea-roller meets an isolated rock in its 
passage, it rises against the rock and embraces it' all 
round. Facts of this nature caused Newton to reject the 
undulatory theory of light. He contended that if light 
were a product of w^ave motion we could have no shadoVs, 
because the waves of light would propagate themselves round 
opaque bodies, as a wave of water round a rock. It has 
been proved since his time that the waves of light do bend 
round opaque bodies ; but* with ?hat we have nothing 
now' to do. A sound-wave certainly bends thus round 
an obstacle, though as it diffuses itself in the air at the* 
back of the obstacle it is enfeebled in power, the obstacle 
thus producing a partial shadow of the sound. A railway 
train passing through cuttings and along embankments 
exhibits great variations in the intensity of the sound. 
The^nterposition of a hill in the Alps suffices to diminish 
materially the sound of a cataract ; it is able*sensibly to 
extinguish the tinkle of the cow-bells. Still the sound- 
shadow is but partial, and the marker at the rifle butts 
never fails to hear the explosion, though he is well pro- 
tected from the ball. A striking example of this diffrac-^ 
tion of a sonoq^us w'ave was* exhibited at Erith after th#* 
t remendous explosion of a powder magazine which occurred 
there in 1864. The village of’ Erith was some miles dil- 
tant from the magazine, but in neagrly all cases the 
windows were shatterecj ; and it was noticeable that tjie 
Windows turned away from the origin of t^ie explosion 
suffered almost* as much a^ those whtch faced it. Lead 
sashes were employed in Erit^^ Church, and these, being 
in some degree flexible, enable'd the windows to yield to 
pressure without much* fracture of the glass. As the 
sound-wave reached the church it separiitei right and left, , 
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and, for a moment, the edifice was clasped by a girdle of 
intensely compressed air, every window in the church, 
front an^ back, being bent inwards. After compression, 
the air within the church no doubt dilated, tending to 
restore the windows to their first condition. The bending 
in of the windows, however, produced but a small condens- 
ation of the whole mass of air within the church; the 
reooil was therefore feeble in comparison with the pressure, 
and insufficient to undo what the latter had accom- 
plished.' 

§ 8. Velocity of Sound : Wfilation to Density and 
Elasticity of Air. 

Two conditions determine the velocity of propagation 
of a sonorous wave ; namely, the elasticity and the density 
of the medium through which the wave passes. The 
elasticity of air is measured by the pressure which it 
sustains or can hold in equilibrium. At the sea-level^ this 
pressure i^ equal to that of a stratum of mercury about 30 
inches high.* At the summit of Mont Blanc the barome- 
tric column is not much more than half this height ; and, 
consequently, the elasticity of the air upon the summit of 
the mountain is not much more than half what it is at 
the sea-level. „ • 

If we could augment the elasticity of air, wif^out at 
tile saihe time augmentingnts density, we should augment 
the vel&city of spund. Or if, allowing the elasticity to 

® 1r 

' * The explosion of a powder-laden barge on the Regent’s Park CantJ 
a few years produced effects similar to those meetioned in § 7. The 
sound-wave bent round houses and broke the windows at the back, the 
coalescence of different portions* of^the wave at special points being marked 
by intensified local action. Olose'^to the place where the explosion occurred 
the unconsumed gunpowder was in the wave, and as a consequence the 
dismantled gate-keeper* s Lodge was girdled all round by a black bSlt of 
cMod. 
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remain constant, we could diminish the density, we should 
augment the velocity. Now, air in a closed vessel, where 
it cannot expand, has its elasticity augmented^ by heat, 
while its density remains unchanged. Through such 
heated air sound travels more rapidly than through cqjd 
air. Again, air free to expand has its density lessened by 
warming, its elasticity remaining the same, and through 
such air sound travels more rapidly than through cold air. 
This is the case with our atmosphere when heated by the 
sun. 

The velocity of sound in air, al^the freezinfj ternperd- 
ture^ is 1,090 feet a second.. 

At all lower temperatures the velocity is less than 
this, and at all higher temperatures it is greater. The , 
late M. Wertheim has determined the velocity of sound 
in airjcff different temperatures, and here are some of his 
results : — 


Temperature 

Velocity of 

of air. 

sound. 

(J’o® centigrade . 

. 1089 feet 

2-10 

. 1091 

8*5 „ 

. 1109 „ 

12-0 

. lll9i „ 

26-6 

. 1140 


At a temperature of half a degree above the freezing 
’ point of water the velocity, is 1,089 feet a second ; at a 
temperg,ture of 26*6 degrees, it is 1,140 feet a second, or 
a difference of 51 feet for 26 degrees — that is to say, afti 
augmentation of velocity of nearly 2 feet fof every 
degree centigrade. 

• With the same elasticity as air the density of hydro- 
gen gas is mucK less than thjit of air, aAd the consequence 
is that the velocity of sound in hydrogen far exceeds its 
velocity in air. The reverse holds gqod for heavy car- 
bonic acid gas. If density and elasticity vary in the same 
proportion, as the law of Boyle proves 'thsm to do in aii 
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when the ^temperature ia preserved constant, they neutralise 
each other’s effect; hence, if the temperature were the same, 
the velocity of sound upon the summits of the highest 
Alps would be the same as at the mouth of the Thames. 
Bj^t, inasmuch as the air above is colder than that below, 
the actual velocity on the summits of the mountains is 
less than that at the sea-level. To express this result in 
stricter language, the velocity is directly proportional to 
the square root of the elasticity of the air ; it is also 
inversely proportional to the square root of the density 
of the air. Consequeiftly, as in air of a constant tempera- 
ture elasticity and density vary in the same proportion, 
and act oppositely, the velocity of sound is not affected 
^by a change of density, if unaccompanied by a change of 
temperature. 

There is no mistake’ Inore common than tosuppbgie the 
velcJcity of sound to be augmented by density. The mis- 
take has arisen from a misconception V)f the fact, that in 
solids and liquids the velocity is greater than in gases. 
But it is the high elasticity of these bodies, m relation to 
their density^ that causes sound to pass rapidly through 
them. Other thing§i remaining the same, an augmentation 
of density always produces^a diminution of velocity. Were 
the elasticity of water, which is measured by its compressi- 
bility, only equal to that of jair, the velocity of souncf in 
water, instead of being more than quadru^e the velocity 
in air, would be only a small fraction of that velocity. 
Both density and^ elasticity, then, must be always borne in 
mind ; the velocity of sound being determined by neither 
taken separately, but by the relation of the one to the 
other. The effect«^of small density and High elasticity is 
exemplified in an astonishing manner by the luminiferous 
ether, which transmits the vibrations of light — ^not at the 
rate of so many feet, but at the Ate of one hundred ^and 
eighty-six thousand miles a second. 
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As regards the determination of the velocitji^of sound 
ill air, hours might be filled with a simple statement of 
the efforts made to establish it With precision. The 
question has occupied the attention of experimenter^ in 
England, France, Germany, Italy, and Holland, But |.o 
the French and Dutch philosophers we owe the applica- 
tion of the last refinements of experimental skill to the 
solution of the problem. They neutralised effectually the 
influence of the wind ; they took into account barometric 
pressure, temperature, and hygrometric condition. Sounds 
were started at the same moment fr0m two distant stations, 
and thus caused to travel from station to station through 
the selfsame air. The distfeince between the stations was 
determined by exact trigonometrical observations, and 
means w’ere devised for measuring with the utmost 
accur^ the time required by the sound to pass from the 
one station to the other. This time, expressed in seconds, 
divided into the distance expressed in feet, gave 1,090 feet 
per second as t^e velocity of sound through air at the 
temperature of 0° centigrade. 

The time required by light to travel over all terrestrial 
distances is practically zero ; and in tSe experiments just 
referred to the moment of explosion was marked by the 
flash of a gun, the time occupied by the sound in passing 
frdhi station to station being^the interval observed between 
the appearance of the flash and the arrival of the sound. 
The velocity of sound in air b^ing once established, it k 
plain that we can apply it to the determination ^f dis- 
tances. By observing, for example, the interval between 
the appearance of a flasti of lightning and the arrival of 
the accompanyiflg thunder peal, we at once determine the 
distance of the place of discharge. It is only when the 
interval between the flash and*peal is .short that danger 
fronj lightning is to be ^prehended. 
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§ 9. Theoretic Velocity calculated hy Newton, 
Laplace^a Correction. 

We now come to one of the most delicate points in the 
whole theory of sound. The velocity through air has been 
determined by direct experiment ; but, knowing the elas- 
ticity and density of the air, it is possible, without any 
e3q)eriment at all, to calculate the velocity with which a 
sound-wave is transmitted through it. Sir Isaac Newton 
made this calculation, and found the velocity at the freez- 
ing temperature to be‘^916 feet a second. This is about 
one-sixth less than a&tual observation had proved the 
velocity to be, and the most curious suppositions were 
made to account for the discrepancy. Newton himself 
threw out the conjecture that it wjis only in passing from 
particle to particle of the air that sound required time for 
its^transmission ; that it moved instantaneously through the 
particles themselves. He then supposed the line along 
which sound passes to be occupied by ain-particles fo^ one- 
sixth of itt extent, and thus he sought to make good the 
missing velocity. The very art and ingenuity of tins 
assumption were sufficient to throw doubt on it; other 
theories were therefore advanced, but the great French 
mathematician Laplace was the first to completely solve 
the enigma. I shall now endeavoisr ^to make you 
thoroughly acquainted with his solution. 

‘ Into this strong cylind^^r of glass, t u, fig. 12 , which is 
accurately bored,^ and quite smooth within, fits an air-tight 
piston. By pushing the piston down, I condense the air 
beneath it,^ heat being at the same time developed. 
scrap of amadou attached the bottom! of the piston is 
ignited by the heajt generated by compression. If a bit 
of cotton wool pipped 4nto bisulphide of carbon be 
attached to the piston, when tffe latter is forced down, si 

ij 

flash of lights due to the ignition of 'the bisulphide of 
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carbon vapour, is observed within the tube. It is thus 
proved that when air is compressed heat is generated. 
By another experiment it may be shown that 
when air is rarefied cold is developed. This iron 
box contains a quantity of air. I open the cock, 
and permit the condensed air to discharge itself 
against the bulb of a suitable thermometer ; the 
sinking of the instrument immediately declares 
the chilling of the air. 

All that you have heard regarding the trans- 
mission of a sonorous pulse through air is, I 
trust, still fresh in your minds. ^As the pulse 
advances it squeezes the particles of air together, 
and two results follow from this compression. 

Firstly, its elasticity is augmented through the 
mere augmentation of*its density. Secondly, its 
elasticity is augmented by the heat of compres- 
sion. ^It was the change of elasticity resulting 
from a change of density, and that only, which 
Newton took into account. But, over and above 
the elasticity involved in Newton’s calculation, we have 
an additional elasticity due to changes of temperature 
produced by the sound-wave itself. When both are taken 
into account, the calculated anfl the observed velocities 
• agaee perfectly. 

But here, '^itiiout due caution, we may fall into the 
gravest error. In fact, in dealing with nature, the mind 
must be on the alert to seize all her conditions ; otherwise 
we soon learn that our thoughts are nbt in accordance 
vdth her facts. It is to be particularly noted that the 
augmentation ofcvelocity due to the changes of femperature 
produced by the sonorous wave itself ^is totally different 
from the augmentation arising\from the heating of the 
general mass of the air. »The average temperature of the 
air is unchanged Ijy the waves of sound. ^ We cannot have 
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a condensed pulse without having a rarefied one associated 
with it* But in the rarefaction the temperature of the air 
fiB as much lowered as it is raised in the condensation* 
Supposing then the atmosphere parcelled out into such 
condensations and rarefactions, with their respective tem- 
peratures, an extraneous sound passing through such an 
atmosphere would be as much retarded in the latter as 
accelerated in the former, and no variation of the average 
velocity could result from such a distribution of tempera-* 
ture* 

Whence then doest the augmentation pointed out by 
liaplace arise ? I would ask^ your best attention while I 
endeavour to make this knotty point clear to you. If air 


Fig. 13. 



be compressed it becoipes smaller in volume ; if the 
pressure be diminished the volume expands. The force 
which resists compressiou, ai}d which produces expansion, 
is the elastic force of the air. Thus an external jiressure 
Squeezes the air-particles together ; their own elastic force 
holds them asun^der, and the particles are in equilibrium 
when these two forces are in equilibrium. Hence it is 
that the external pressure is a measure of the elastic fordfe. 
Let the middle r»w of dots^ fig. 13, represent a series of 
air-particles in a state of quiescence between the points a 
and X, Then, because of the elastic force exerted between 
the particles, if any one of themFbe urged from its position 
of rest, the motion will be transmitted through the entire 





LAPLACE'S CORRECTION OP NEWTON'S FORMULA. 29 

series. Supposing the particle a to be driven by the 
prong of a tuning-fork, or some other vibrating body, to* 
wards cc, so as to be caused finally to occupy the positiod 
a' in the lowest row of particles. At the instant the 
excursion of a commences, its motion begins to be trans- 
mitted to 6. In the next following moments h transmits 
the motion to c, cto d^d to e, and so on. So that by the 
time a has reached the position a', the motion will have 
been propagated to some point o' of the line of particles 
more or less distant from a'. The entire series of particles 
between a' and o' is then in a state 4 )f condensation. The 
distance a' o', over which the motiop has travelled during 
the excursion of a to a', vrilj depend upon the elastic force . 
exerted between the particles. Fix your attention on any 
two of the particles, say a and 6. The elastic force 
betweeij them may be figured as a spiral spring, and it is 
plain that the more flaccid this spring the more sluggish 
would be the communication of the motion from a to fr; 
while the stiffer the spring the more prompt would be the 
communication of the motion. What is true ^f a and b 
is true for every other pair of particles between a and o. 
Now, the spring between every pair of^these particles is 
suddenly stiffened by the heat developed along the line 
of condensation, and hence the velocity of propagation is 
augpiented by this heat. Reverting to our old experiment 
with the row o&bdys, it is as •if, by the very act of pushing 
his neighbour, the muscular rigidity of each boy’s arm waa 
increased, thus enabling him \o deliver his push# more 
promptly than he would have done without this increase 
of rigidity. The condemed portion of a sonorous wave is 
propagated in thg manner here described, anrf it is plain 
that the velocity of propagatidh is augmented by the heat 
developed in the condensation. 

Let us now turn our thoughts for a nfoment to the pro- 
pagation of the rarefaction. Sunnosin^r. as before, the 
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middle row ax to represent the particles of air in equili- 
brium under the pressure of the atmosphere, and suppose 
the particle a to be suddenly drawn to the right, so as to 
occupy tSie position a" in the highest line of dots : a" is 
immediately followed , by 6", 6" by c", c" by d", d" by e" ; 
and thus the rarefaction is propagated backw’ard towards 
reaching a point o" in the line of particles by the time 
a has completed its motion to the right. Now, why does 
b" follow a" when a" is drawn away from it ? Manifestly 
because the elastic force exerted between 6" and a" is 
then less than that between fc" and c". In fact, 6" will be 
driven after a" by a foiye equal to the difference of the two 
elasticities between a" and 6"' and between V' and c". The 
same remark applies to the motion of c" after 6", to that 
of d'' after c" : in fact, to the motion of each succeeding 
particle when it follows its predecessor. The greg^fer the 
difference of elasticity on the two sides of any partible the 
more promptly will it follow its predecessor. And here 
observe what the cold of rarefaction accomplishes. In ad- 
dition to ijie diminution of the elastic force between a" 
and b" by the withdraw^al of a'' to a greater distance, there 
is a further diminution due to the lowering of the tem- 
perature. The cold developed augments the difference of 
elastic force on which thh propagation of the rarefaction 
depends. Thus we see that because the heat developeij in ^ 
the condensation augments the rapidit/ of propagation of 
the condensation, and because the cold developed in the 
rarefaction augments the rapidity of propagation of the 
rarefaction, the Sonorous wave, which consists of a con- 
densation and a rarefaction, must have its velocity aug- 
mented by ‘the h§at and the cold which ij; develops during 
its own progress. ^ 

It is worth while fixing your attention here upon the 
fact that the distance a' o' to \^ich the motion has been 
propagated while is moving to the position mscy be 
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vastly greater than that passed over in the same time by 
the particle itself. The excursion of a' may be of micro- 
scopic minuteness, while the distance to which the motion 
is transferred during the time required by a' to ^perform 
this small excursion may be many feet, or even many 
yards. 

§ 10. Ratio of Specific Heats of Air (Reduced from 
Velocity of Sound. 

Having grasped this, even partially, I will ask you 
to accompany me to a remote corner of the domain of 
physics, with the view, however, of showing that remote- 
ness does not imply discontinuity. Let a certain quan- 
tity of air at a temperature of 0°, contained in a perfectly 
inexpansible vessel, have its temperature raised 1®. Let 
the same quantity of aij, placed in a vessel which permits 
the am to expand when it is heated — the pressure on the 
air being kept constant during its expansion — also have 
its temperature raised 1®. The quantities of heat em- 
ployejJ in the two»cases are different.' The one quantity 
expresses what is called the specific heat of air at constant 
volume ; the other the specific heat of air at constant 
pressure. It is an instance of the manner in which ap- 
parently unrelated natural phenomena are bound together, 
that from the calculated and observed velocities of sound 
in air we can dcj^uee the ratio of these two specific heats. 
Squaring; Newton’s theoretic velocity, squaring also the^ 
observed velocity, and dividing the greater square hj the 
less, we obtain the ratio referred to. Calling the specific 
heat at constant volume and that at constant pressure^ 
Cp^; calling, moreover, Newton’s calculated velooity V, and 
the observed velocity V', Laplace proved 1:hat 

CP ^ 

* ^ee Heat a Mode of Motion, Sixth ed. Lect. V. 
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Inserting the values of V and V' in this equaftion, and 
making the calculation, we find 

Cp 

-^v = 1-42. 

Thus, without knowing eithfr the specific heat at con- 
stant volume or at constant pressure, Laplace found the 
ratio of the greater of them to the less to be 1’42. It is 
evident from the foregoing formulae, that the calculated 
velocity of sound, multiplied by the square root of this 
ratio, gives the observed velocity. 

But there is one a^umption connected with the deter- 
mination of this ratio,»which must be here brought clearly 
forth. It is assumed that the heat developed by compres- 
^ sion remams in the condeifised portion of the wave^ and 
applies itself there to augment the elasticity; that no 
portion of it is lost by radiation.* If air were a#power- 
fuh radiator, this assumption could not stand. The heat 
developed in the condensation could mot then remain in 
the condensation. It would radiate all round, lodging it- 
self for th« most part in the chilled and rarefied portion 
of the wave, which would be gifted with a proportionate 
power of absorption. Hence the direct tendency of radia- 
tion would be to equalise the temperatures of the different 
parts of the wave, and Thus to abolish the increase of 
velocity which called forth Laplace’s correction.^ 

• § 11. Meclmniccd Equivalent of Heat deduced from 

Velocity of Sound, 

• The question, then, of the coiyectness of this ratio in- 
volves the% other and apparently incongruous questidh, 

> In fact, the prompt abstractioif of the motion of boat from the con- 
de^DSation, and its pronfpt communication to the rarefaction by the con- 
tignons luminiferous ether, would prevent the former from ever rising so 
high, or the latter from ever falling so Icfr, in temperature as it would do 
if the power of radiation were absent. • 
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whether atmospheric air possesses any sensible radiative 
power. If the ratio be correct, the practical absence of 
radiative power on the part of air is so far demonstrated. 
How, then, are we to ascertain whether the ratio i» correct 
or not ? By a process of reasoning which illustrates still 
further how natural agencies are intertwined. It was thii 
ratio, looked at by a man of genius, named Mayer, which 
helped him to a clearer and a grander conception of the 
relation and interaction of the forces of inorganic and 
organic nature than any philosopher up to his time had 
attained. Mayer was the first to show that the excess 0*42 
of the specific heat at constant pressure over that at con- 
stant volume was the quantity of heat consumed in the 
work performed by the expanding gas. Assuming the air 
to be confined laterally and to expand in a vertical 
direction, in which case^it would simply have to lift the 
weight^ of the atmosphere, he attempted to calculate the 
precise amount of heat consumed in the raising of this 
or any other weight. He thus sought to determine the 
‘ mecljftnical equi\nlent ’ of heat. In the combination of 
his data his mind was clear, but for the numerical correct- 
ness of these data he was obliged to relj;upon the experi- 
menters of his age. Their results, though approximately 
correct, were not so correct as the transcendent experi- 
mental ability of Eegnault, aided by the last refinements 
of constructive ^kill, afterw2u:ds made them. Without 
changing in the slightest degree the method of his thought 
or the form of his calculation, * the simple introduction 
of the exact numerical data into the formula of Mayer 
brings out the true mechanical equivalent of heat. 

'*But how are we able to speak thus confidently of the 
accuracy of this equivalent? We are enabled to do so by 
the labours of an Englishman, who worked at this subject 
contemporaneously with Mayer ; and who^ while animated 
by the creative genius of iJis illustrious German brother, 
► D 
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enjoyed also the opportunity of bringing the inspirations 
of that genius to the test of experiment. By the experi- 
ments of Mr. Joule, the mutual convertibility of me- 
chanical work and heat was first conclusively established. 
And ‘ Joule’s equivalent,’ as it is rightly called, consider- 
ing- the amount of resolute labour and skill expended in 
its determination, is almost identical with that derived 
from the formula of Mayer. 


§ 12. Absence of Radiative Pmuer of Air deduced from 
"Velocity of Sound. 

Consider now the ground ,we have trodden, the curious 
labyrinth of reasoning and experiment through which we 
have passed. We started with the observed and calculated 
velocities of sound in atmospheric uir. We found,Laplace, 
by a special assumption, deducing from these velocities 
the ratio of the specific heat of air a^ constant pressure to 
its specific heat at constant volume. We found Mayer 
calculating from this ratio the mechahical equivalent of 
heat; finally, we found Joule determining the same 
equivalent by dii^ct experiments on the friction of solids 
and liquids. And what is the result?^ Mr. Joule’s ex- 
periments prove the rdijult of Mayer to be the true one ; 
they therefore prove the ratio determined by Laplage to 
be the true ratio ; and, bdfcause the/ de this, they prove 
at the same time the practical absence of radiative power 
in atpaospheric air. It seems a long step from the stirring 
of water, or the rubbing together of iron plates in Joule’s 
experiments, to the radiation oft the atoms of our atmo- 
sphere ; both questions are, however, coqnected by the line 
of reasoning here followed^out. 

But the true physical philosopher never rests content 
with an inference when an experiment to verify or contra- 
vene it is possible. The foregoing argument is clenched 
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by bringing the radiative power of atmospheric air to a 
direct test. .When this is done, experiment and reasoning 
are found to agree ; air being proved to be a body sensibly 
devoid of radiative and absorptive power.' * 

But here the experimenter on the transmission of 
sound through gases needs a word of warning. In Laplace*s 
day, and long subsequently, it was thought that gases of 
all kinds possessed only an infinitesimal power of radiation ; 
but that this is not the case is now well established. It 
would be rash to assume that, in the case of such bodies as 
ammonia, aqueous vapour, sulphurous acid, and olefiant gas, 
their enormous radiative powers do ^ot interfere with the 
application of the formula pf Laplace. It behoves us to 
inquire whether the ratio of the two specific heats deduced 
from the velocity of sound in these bodies is the true ratio ; 
and whether, if the trife ratio could be found by other 
methods, its square root, multiplied intp the calculated 
velocity, would givg the observed velocity. From the 
moment heat first appears in the condensation and cold in 
the rarefaction of *a sonorous wave in any of those gases, 
the radiative power comes into play to abolish the differ- 
ence of temperature. The condensed piart of the wave is 
on this account rendered more flaccid, and the rarefied 
part less flaccid than it would otherwise be, and with a 
suffigiently high radiative power the velocity of sound, 
instead of coinciding with th&t derived from the formula 
of Laplace, must approximate to that derived from the# 
more simple formula of Newton. 

§1,13. Velocity of Sou7tU through Gases. Liquids^ and 

Solids. 

» 

To complete our knowledge of the transmission of sound 
through gases, a table is here added from the excellent 
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researches of Dulong, who employed in his experiments a 
method which shall be subsequently explained ; — 


Velocity of Sound in Gases at the Tempebatuue of 0° C. 


Air 

Velocity 
1,092 feet. 

Oxygen 

1.040 „ 

Hydrogen 

4.164. „ 

Cflrbonic acid 

858 „ 

Carbonic oxide .... 

1.107 „ 

Protoxide of nitrogen . 

859 „ 

Olefiant gas .... 

1,030 


According to theory, the velocities of sound in oxygen 
and hydrogen are inversely proportional to the square roots 
of the densities of the two gases. We here find this theo- 
retic deduction verified by experiment. Oxygen being six- 
teen times heavier than hydrogerf, the velocity ofrsound in 
the latter gas ought, according to the above law, to be 
four times its velocity in the former ; hence the velocity 
in oxygen being 1,040, in hydrogen calculation would 
make it 4,160. Experiment, we see, makes it 4,104. 

The velocity of sound in liquids may be determined 
theoretically, as llewton determined its velocity in air ; for 
the density of a liquid is ea»sily determined, and its elas- 
ticity can be measured^ by subjecting it to compression. 
In the case of water, the calculated and the observed 
velocities agree so closely as to prove that the changes of 
temperature produced by a sound-w'ave in water have no 
sensible influence upon the velocity. In a series of me- 
morable experiments in the lake of Geneva, MM. Colladon 
and Sturm determined the velocity of sound through 
water, and macki it 4,708 feet a second. By a mode of 
experiment which you wift subsequently be able to com- 
prehend, the late jNI. \Yertheim determined the velocity 
through various* liquids, and ii%the following table I have 
collected his. results: — . * 
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TbANSMISSION of SotNP THROUGH LlQUlDS. 


j Name of Liquid 

Temperature 

Xplocity 





feet 

Eiver water (Seine) . 



15° C. 

•4,714 , 




30 

6,013 

tt >1 • • » 



60 

6,657 

Sea water (artificial) . . 



20 

4,768 

Solution of common Halt . 



18 

6,132 

Solution of sulphate of soda . 



20 

6,194 • 

Solution of carbonate of soda . 



22 

6,230 

Solution of nitrate of soda 



21 

6,477 

Solution of chloride of calcium 

• 


23 

6.493 

Common alcohol 

• 


20 

4,218 

Absolute alcohol . , . 

• 


23 

3.801 

Spirits of turpentine 

• 


24 

3,976 

Sulphuric ether « • 

% 


0 

3,801 


We learn from this table that sound travels with dif- 
ferent velocities through different liquids; that a salt 
dissolved in water augments the velocity, and that the 
salt which produces the greatest augmentation is chloride 
of calcium. The experiments also teach us that in water, 
as in ^air, the velocity augments with the temperature. 
At a temperature of 15° C., for example, the velocity in 
Seine water is 4,714 feet, at 30° it is *^013 feet, and at 
60° 5,657 feet a second. 

I have said that from the compressibility of a liquid, 
determined by proper measurements, the velocity of sound 
through the liqjuid may be deduced. Conversely, from 
the velocity of sound in a liquid the compressibility of^ 
the liquid may be deduced. W^rtheiin compared a series 
of compressibilities deduced from his experiments on 
sound with a similar series obtained directly by M. Grassi. 
Tlfe agreement of both, exhibited in the following table, 
is a strong confirmation of the accuracy of the method 
pursued by Wertheim : — 
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Cubic compressibility 

r " • 

calculated from the direct 

fSMu Worthciin’s experiments of 
velocity of sound M. Grassi 

Sew water .... 0*0000467 0*0000436 

Solution of common salt . 0*0000349 0*0000321 

„ carbonate of soda 0*00003S7 0*0000297 

„ nitrate of soda . 0*0000301 0.0000295 

Absolute alcohol . • 0*0000947 0*0000991 

Sulphuric ether . . 0*0001002 0*0001110 

The greater the resistance which a liquid offers to com- 
pression, the more promptly and forcibly will it return 
to its original volume after it has been compressed. The 
less the compressibilij/y, therefore, the greater is the elas- 
ticity, and consequently, oth^r things being equal, the 
greater the velocity of sound through the liquid. 

We have now to examine the transmission of sound 
through solids. Here, as a general rule, the elasticity, as 
campared with the density, is greater than in liquids, and 
consequently the propagation of sonn^ is more rapid. In 
the following table the velocity of. sound through various 
metals, determined by Wertheim, is recorded : — * 


VELOfjiTY OF Sound through Metals. 


Kame of Metal ^ 

at 20° c. 

at 100° C. 

at 20()O C. 

Lead 

4,0,30 

3,951 

, 

Ciold . , . . . 

5,717 

, 5,640 

5,6ft9 

Silver 

8,5,53 

*^8,658 

8,127 

Copper 

11,666 

10,802 

9,690 

’ Platinum 

8.815 

8,437 

8,079 

Iron 

16,822 

17,386 

15,483 

Iron wire (ordimiry) 

16,130 

16,728 

— 

Cast steel 

16,3,57 

16,153 

1,5,709 

Steel wire (English) 

11,470 

17,201 

16.394 

Steel wire . . . . 

16,023 

16,443 

— 1 

— ® 


t 

As a general rule, the velocity of sound through metals 
is diminished augmented temperature ; iron is, how- 
ever, a striking exception to thic rule, but it is only within 
certain limits aij exception. While, .for exatnple, a rise 
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of temperature from 20° to 100° C. in the case of copper / 
causes the velocity to fall frgpi 11,666 to 10,802, the same 
rise produces in the case of iron an increase of velocity 
from 16,882 to 17,386. Between 100° and 200°, however, 
we see that iron falls from the last figure to 15,483» 
In iron, therefore, up to a certain point the elasticity is 
augmented by heat ; beyond that point it is lowered. 
Silver is also an example of the same kind. 

The difference of velocity in iron and in air may be 
illustrated by the following instructive experiment : 
Choose one of the longest horizontM bars employed for 
fencing in Hyde Park ; and let an assistant strike the bar 
at one end while the ear of the observer is held close to 
the bar at a considerable distance from the point struck. 
Two sounds will reach the ear in succession ; the first 
being ^.tansmitted through the iron and the second 
through the air. This effect was obtained by M. Biot, In 
his experiments on t*he iron water-pipes of Paris. 

The transmission of sound through a solid depends 
on the manner in which the molecules of the* solid are 
arranged. When the body is homogeneous, and without 
structure, sound is transmitted throughfit equally well in 
all directions. But this is not the case when the body, 
whether inorganic like a crystal or organic like a tree, pos- 
sesses a definite strycture. The same is also true of other 
things than sound. Subjecting, for example, a sphere of 
wood to the action of a magnetv,it is not equally affected* 
in all directions. It is repelled by the pole of the magnet, 
but it is most strongly repelled when the force acts along 

th« fibre. Heat also is conducted with different facilities 

» 

in different directions through wood. It is most freely 
conducted along the fibre, and it passes more freely across 
the ligneous layers than along ^em. Wood, therefore, 
possesses three unequal ^ouces of calorific conduction. 
These, established iby myself, coincide with the axes of 
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dasticity discovered by Savart. MM. Wertheim and 
Chevandier have determined the velocity of sound along 
these three axes and obtained the following results : — 


Velocity op Sound in Wood. 


Name of Wool 

Along Fibre 

Across Bings 

Along Bings 

Acricifli *■•••• 

16,467 

4,840 

4,436 

I'ir 

16,218 

4.382 

2,572 

Rooch 

10,965 

6028 

4,643 

Ouk .•«••• 

12,622 

6,036 

4,229 

Pine 

10,900 

4,611 

2,605 

Elm . . . . ^ . 

13,516 

4,665 

3,324 

Sycamore 

14,639 

4,916 

3,728 


15.314 

4,567 

4,142 

Alder 

• 15.306 

4,491 

3,423 


16.677 

6.297 

2,987 

Maple 

13,472 

5,047 

3.401 

Poplar 

14,050 

4,600 

3,444 


^ Separating a cube from the bark-wood of a good-sized 
tree, where the rings for a short distance may be regarded 

as straight ; then if A R, fig. 
14, be the section of the tree, 
the velocity of the sound in 
the direction m 7i, through 
such a cube, is greater than 
in the direction a 6. 

The foregoing table st rik- 
ingly illustrates the in- 
fluence of molecular struc- 
ture . The great maj ority of 
crystals show differences of 
the' same kind. Such bodies, 
for the most part^ have their molecules arranged in different 
degrees of proximity in different directions, and where this 
occurs there are sure to be differences in the transmission 

ft 

and manifestation of heat, light, electricity, magnetism, 
. and sound. « 
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§ 14. Hooke's anticipation of the Stethoscope. 

I will conclude this lecture on the transmission of 
sound through gases, liquids, and solids by a quaint and 
beautiful extract from the writings of that admirable 
thinker, Dr. Eobert Hooke. It will be noticed that the 
philosophy of the stethoscope is enunciated in the 
following passage, and another could hardly be found 
which illustrates so well that action of the scientific 
imagination which, in all great investigators, is the pre- 
cursor and associate of experiment* 

‘ There may also be a possibility,’ writes Hooke, ^ of 
discovering the internal niotions and actions of bodies by 
the sound they make. Who knows but that, as in a watch, 
we may hear the beatjng of the balance, and the running 
of th« wheels, and the striking of the hammers, and the 
grating of the teeth, and multitudes of other noises ; who 
knows, I say, but ^hat it may be possible to discover the 
motions of the internal parts of bodies, whether animal, 
vegetable, or mineral, by the sound they mak^; that one 
may discover the works performed in the several offices and 
shops of a man’s body, and thereby discover what instru- 
ment or engine is out of order, jrhat works are going on at 
several times, and lie still at others, and the like ; that 
in plants and^vcigetables oqe might discover by the noise 
the pumps for raising the juice, the valves for stopping it, 
and the rushing of it out of ore passage into another, arfd 
the like? I could proceed further, but methinks I can 
hardly forbear to blush when I consider how the most part 
8f men will look upon this : but, yet again^ I have this 
encouragement* not to thin]^ all theses things utterly im- 
possible, though never so much derided by the generality 
of men, and never so seemingly mad, foolish, and phantas- 
tic, that as the thinking^them impossible cannot much im- 
prove my knowledge, so the believing thein possible may. 
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perhaps-, be an occasion of taking notice of such things as 
another would pass by without regard as useless. And 
somewhat more of encouragement I have also from expe- 
rience, that I have been able to hear very plainly the beat- 
ing of a man’s heart, and ’tis common to hear the motion 
of wind to and fro in the guts, and other small vessels ; the 
stopping of the lungs is easily discovered by the wheezing, 
the^ stopping of the head by the humming and whistling 
noises, the slipping to and fro of the joints, in many cases, 
by crackling, and the like, as to the working or motion of 
the parts one amongst another; methinks I could receive 
encouragement from hearing the hissing noise made by a 
corrosive menstruum in its operation, the noise of fire in 
dissolving, of water in boiling, of the parts of a bell after 
that its motion is grown quite invisible as to’ the eye, for 
to me these motions and the other seem only to* differ 
aecvndum magis minua, and so to their becoming sen- 
sible they require either that their motions be increased, 
or that the organ be iruule more nice and powerful to 
sensate and distinguish them.’ 
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SUMMARY OF LECTURE I. 

The sound of an explosion is propagated as a wave^or 
pulse through the air. 

This wave impinging upon the tympanic membrane 
causes it to shiver, its tremors ar« transmitted through 
the drum to the auditory nerve, and along the auditory 
nerve to the brain, where it announces itself as sound. 

A sonorous wave consists of two parts, in one of which 
the air is condensed, and in the other rarefied. 

The motion of the* sonorous wave must not be con- 

■ 

founded with the motion of the particles which at any 
moment form the wave. During the passage of the wave 
every particle concerned in its transmission makes only a 
sinair excursion to and fro. 

The length of this excursion is called the amplitude of 
the vibration. 

Sound cannot pass through a vacuum. 

A certain sharpness of shock* or rapidity of vibration, 
is needed for the production of sonorous waves in air. It 
is still more n’ecessary in h*ydrogen, because the greater 
mobility of this light gas tends to prevent the formation 
of condensations and rarefactions. 

Sound is in all respects reflected like light; it is also 
r^ifracted like light; aifd it may, like light, be condensed 
by suitable lensos. 

Sound is also diffracted, the sonorous wave bending 
round obstacles; such obstaclejl, however, in part shade 
off the sound. * 

Echoed are produced by the reflected^ waves of sound. 
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In regard to sound and the medium through which 
it passes, four distinct things are to be borne in mind — 
intensity, velocity, elasticity, and density. 

The intensity is proportional to the square of the am- 
plitude as above defined. 

It is also proportional to the square of the maximum 
velocity of the vibrating air-particles. 

^When sound issues from a point in free air, the 
intensity diminishes as the square of the distance from 
the point increases. 

If the wave of sound be confined in a tube with a 
smooth interior surface, it may be conveyed to great dis- 
tances without sensible loss of intensity. 

The velocity of sound in air depends on the elasticity 
of the air in relation to its density. The greater the elas- 
ticity the swifter is the propagation*; the greater the den- 
sity the slower is the propagation. 

The velocity is directly proportiona] to the square root 
of the elasticity ; it is inversely proportional to the scjuare 
root of the, density. 

Hence, if elasticity and density vary in the same pro- 
portion, the one will neutralise the other as regards the 
velocity of sound. 

That they do vary in the same proportion is proved by 
the law of Boyle and Mariotte ; hence the velocity, of 
sound in air is independent di the density of the air. ' 
c But that this law shall hold good, it is necessary that 
the dq^se air and the rare air should have the same tem- 
perature. 

The intensity of a sound depefnds upon the density ^f 
the air in \vhich ^it is generated, but npt on that of the 
air in which it is heard. 

The velocity of sound in air of the temperature 0® C. 
is 1^P90 feet a Second ; it augpents nearly 2 feet for 
every degree centigrade added to its temperature. 
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Hence, given the velocity of sound in air, the tempera- 
ture of the air may be readily calculated. 

The distance of a fired cannon, or of a discharge of 
lightning, may be determined by observing the interval 
which elapses between the flash and the sound. ^ 

The pupil will find no difficulty in referring many 
common occurrences to the fact that sound requires a sen- 
sible time to pass through any considerable length of ^ir. 
For example, the fall of the axe of a distant woodcutter is 
not simultaneous with the sound of the stroke. The flash 
of a distant gun always arrives before the sound. A com- 
pany of soldiers marching to music along a road cannot 
inarch in perfect time, for*the notes do not reach those in 
front and those behind simultaneously. 

In the condensed portion of a sonorous wave the air is 
above^ in the rarefiecf portion of the wave it is below, its 
average temperature. 

This change of temperature, produced by the passage 
of the sound-wave itself, virtually augments the elasticity 
of the air, and makes the velocity of sound giseater than 
it would be if there were no change of temperature. 

The velocity found by Newton, twho did not take 
this change of temperature into account, was 916 feet a 
second. * 

• Laplace proved that by multiplying Newton’s velocity 
by the square root of the ratio of the specific heat of air at 
constant pressure to its specific heat at constant volume, 
the actual or observed velocity is obtained. 

Conversely, from a comparison of the calculated and 
qbserved velocities, th^ ratio of the two specific heats may 
be inferred. , 

The mechanical equivalent of heat may be deduced 
from this ratio ; it is found to Ije the same as that esta- 
blished by direct experiment. * 

This coincidence leads to the conclusion that atmo- 
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spheric air is devoid of any sensible power to radiate heat. 
Direct experiments on the radiative power of air establish 
the same result. 

The velocity of sound in water is more than four times 
its velocity in air. 

The velocity of sound in iron is seventeen times its 
velocity in air. 

, The velocity of sound along the fibre of pine-wood is 
ten times its velocity in air. 

The cause of this great superiority is that the elasticities 
of the liquid, the metcl, and the wood, as compared with 
their respective densities, are vastly greater than the elas- 
ticity of air in relation to its density. 

The velocity of sound is dependent to some extent 
upon molecular structure. In wood, for example, it is 
conveyed with different degrees df rapidity in different 
directions. 
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LECTURE II. 

PHYSICAL DISTINCTION BETWEEN NOISE AND MUSIC— A MUSICAL TONE PRO- 
DUCED BY PERIODIC, NOISE PRODUC’ED BY UNPERIODIC, IMPULSES — PRO- 
DUCTION OF MUSICAL SOUNDS BY TAPS — PRODUCTION OF MUSICAL SOUNDS 
BY PUFFS — DEFINITION OF PITCH IN MUSIC— VIBRATIONS OF A TUNINO- 
FORK; their graphic representation'^ on smoked glass — OPTICAL 
EXPRESSION OF THE VIBRATIONS OF A TUNING-FORK —DESCRIPTION OF 

THE SYREN — LIMITS OF THK^ EAR ; HIGHEST AND DEEPEST TONES 

RAPIDITY OF VIBRATION DETERMINED BY THE SYREN — DETERMINATION 
OF THE LENGTHS OF SONOROUS W'AVES — WAVE-LENGTHS OF THE VOICE IN 
MAN AND WOMAN — TRANSMISSION OF MUSICAL SOUNDS THROUGH LIQUIDS 
AND SOLIDS. 

§ 1. Musical Sounds. 

1 

I N our last chapter we considered the propagation through 
air of a sound of momentary duration.* We have 
to-day to consider continuous sounds, and to make our- 
selves in the first place acquainted with the physical dis- 
tinction between noise and music. As far as sensation 
goes, everybody knows the difFdtence between these two 
things. But we have now to inquire into the causes of 
sensation, and to^make ourselves acquainted with the con- 
dition of the external air which in one case resolves itself 
into music and in another into noise. ^ 

We have already learned that what is loudness in our 
sensations is outside of us nothing more than width of 
swing, or amplifudCj of the vibrating aij-particles. Every 
other real sonorous impressioh of which we are conscious 
has its correlative without, as a ‘mere form or state of the 
atmosphere. Were our organs sharp ehough to see the 
motions of. the air through which an agreeable voice is 



48 WSCngRE II. 

passing, we might see stamped upon that air the conai- 
tions of motion on which the sweetness of the voice depends. 
In ordinary conversation, also, the physical precedes and 
arouses the psychical ; the spoken language, which is to 
give us pleasure or pain, which is to rouse us to anger or 
soothe us to peace, existing for a time, between us and the 
speaker, as a purely mechanical condition of the interven- 
ing air. 

* Noise affects us as an irregular succession of shocks. 
We are conscious while listening to it of a jolting and 
jarring of the auditory nerve, while a musical sound flows 
smoothly and without asperity or irregularity. How is 
this smoothness secured? By rendering tKe impulses 
received by the tympanic membrane perfectly periodic. 
A periodic motion is one that repeats itself. The motion 
of a common pendulum, for example, is periodic, but its 
vibrations are far too sluggish to excite sonorous waves. 
To produce a musical tone we must have a body which 
vibrates with the unerring regularity of the pendulum, but 
which must impart much sharper and quicker shocks to 
the air. 

Imagine the first of a series of pulses following each 
other at regular intervals, impinging upon the tympanic 
membrane. It is shaken^ by the shock ; and a body once 
shaken cannot come instantaneously to rest. The human 
ear, indeed, is so constructed that the sonorous motion 
vanishes with extreme rapidity, but its disappearance is 
not instantaneous ; and if the motion imparted to the 
auditory nerve by each individual pulse of our series con- 
tinue until the arrival of its successor, the sound will not 
cease at alh The effect of every shock will be renewed 
before it vanishes, and the*recurrent impulses will link 
themselves together to a Qontinuous musical sound. The 
pulses, on the contrary, wKich produce noise are of irregular 
strength and recurrence. The Siction of noise^ upon the 
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ear has been well compared to that of a flickering light 
upon the eye, both being painful through the sudden and 
abrupt changes which they impose upon their respective 
nerves. 

The only condition necessary to the production of a mu^ 
sical sound is that the pulses should succeed each other in 
the same interval of time. No matter what its origin may 
be, if this condition be fulfilled the sound becomes music^^- 
If a watch, for example, could be caused to tick with suf- 
ficient rapidity — say one hundred times a second — the 
ticks would lose their individuality a^sd blend to a musical 
tone. And if the strokes of a pigeon’s wings could be 
accomplished at the same rate, the progress of the bird 
through the air would be accompanied by music. In the 
humming-bird the necessary rapidity is attained; and 
when we.pass on from birds to insects, where the vibrations 
are moffe rapid, we have a musical note as the ordinary 
accompaniment of thg insects’ flight.^ The puffs of a loco- 
motive at starting follow each other slowly at first, but 
they soon increase *so rapidly as to be almost incapable of 
being counted. If this increase could continue up to 50 
or 60 puffs a second, the approach of thet engine would be 
heralded by an organ peal of tremendous power. 

§ 2. Musical Sounds ^produced by Taps. 

• • 

Galileo produced a musical sound by passing a knife 
over the edge of a piastre. The ^ninute serration of the 
coin indicated the periodic character of the motion, A^hich 
consisted of a succession of taps quick enough to produce 
sonorous continuity. Every schoolboy knows hqjv to pro- 
duce a note with bis slate pencil. I will not call it musical, 
because this term is usually associated with pleasure, and 
the sound of the pencil is .not pleasant. 

* According to Burmeister, thrtngli the injection and ejection of air 
into and from the cavity of the chest. 
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The production of a musical sound by taps is usually 
effected by causing the teeth of a rotating wheel to strike 
in quick succession against a card. This was first illus- 
trated by the celebrated Eobert Hooke, * and nearer our 
gwn day by the eminent French experimenter Savart. 

We will confine ourselves to 
homelier modes of illustration. 
This gyroscope is an instru- 
ment consisting mainly of a 
heavy brass ring d, fig. 15, 
loading the circumference of 
a disc, through which, and at 
right angles to its surface, 
passes a steel axis, delicately 
supported at its two ends. By 
coiling a string roundjthe axis, 
and drawing it vigorously out, 
the ring, is caused to spin 
rapidly ; and along with it ro- 
tates a small toothed wheel w. 
On touching this wheel with 
the edge of a card c, a musical 
sound of exceeding shrillness 
is produced. I place my thumb 
for a moment against the ring; the rapidity of its rotfiition 
is thereby diminished, and this is instantly announced by a 
« * On July 2T, 1681, ‘Mr. Hooke showed an experiment of makinp; 

musical and other sounds by th^'help of teeth of brass wheels ; which tectli 
were made of equal bigness for musical sounds, but of unequal for vocal 
sounds.’ — Birch’s History of the Royal Society, p. 96, published in 1757. 

The following extract is from the Lifi of Hooke, which precedes Ids 
published in 1705, by Kichard Waller, Sec. R. 

‘ In July the same ye^r ho (Dr. H^ke) showed a ^ay of making musical 
and other sounds by the striking of the teeth of several brass wheels, pro- 
portionally cut as to their numbers, and turned very fast round, in which 
It was observable that the equal or proportional stroaks of the teeth, that 
is, 2 to 1, 4 to 3, &c., made the musicaltnotes, but the unequal stroaks of 
the teeth more s^sujsred the sound of the voice ^ speaking.’ 
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lowering of the pitch of the note. By checking the mo- 
tion still more, the pitch is lowered still further. We are 
here made acquainted with the important fact that the 
pitch of a note depends upon the rapidity of its pulses.^ 
At the end of the experiment you hear the separate tajjs 
of the teeth against the card, their succession not being 
quick enough to produce that continuous flow of sound 
which is the essence of music. A screw with a millpd 
head attached to a whirling table, and caused to rotate, 
produces by its taps against a card a note almost as clear 
and pure as that obtained from the Jtoothed wheel of the 
gyroscope. 

The production of a musical sound by taps may also be 
pleasantly illustrated in the following way: in this vice, fig. 
16, are fixed vertically two pieces of sheet lead, with their 
horizonjial edges a quarter of an inch apart. I lay a bar 
of bra^s across them, permitting it to rest upon the edges, 
and, tilting the bar ja little, set it in oscillation like a see- 
saw. After a time, if left to itself, it comes to rest. But 
suppose the bar 6n touching the lead to be always tilted 
upwards by a force issuing from the lead itself, it is plain 
that the vibrations would then be rei^dered permanent. 
Now, such a force is brought into play when the bar is 
heated. On its then touching thb lead heat is communi- 
catq^, a sudden jutting upwards of the lead at the point of 
contact being the ^result. hPence an incessant tilting of 
the bar from side to side, so long as it continues suffi-# 
ciently hot. Substituting for ^he brass bar the Ijeated 
fire-shovel shown in fig. 16, the same effect is produced. 

In its descent upon tAie lead the bar taps it gently, the 
taps being so slow that you may readily count ttiem. But 
a mass of metal differently Shaped may be caused to 

. 

' Galileo, finding the number of notches on his nustal to be great when 
the pitch of the note was high, inferred that the pitch depended on the 
rapidity of the impulses^ ^ ^ 

• B ^ » 
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vibrate more briskly, and the taps to succeed each other 
more rapidly. When such a heated rocker^ fig. 17, is 
placed upon a block of lead, the taps hasten to a loud 
rattle. When, with the point of a file, the rocker m 


Fig. 16. 



pressed against the lead, the vibrations are rendered more 
n\pid, and the taps link themselves together to k deep 
musical tone. A second rocker, which oscillates more 
quickly than the last, produces music w’^^out any other 

Fiq. 17. 



pressure than that due to its own weight. Pressing it, 
however, with the file, ’the pitch rises, until a note of 
singular force and purity fills *lhe room. Relaxing the 
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pressure, the pitch instantly falls; resuming the pressure, 
it again rises ; and thus by the alteration of the pressure 
we obtain great variations of tone. Nor are such rockers 
essential. Allowing one face of the clean square end of a 
hteated poker to rest upon the block of lead, a rattlers 
heard ; causing another face to rest upon the block, a clear 
musical note is obtained. The two faces have been 
bevelled differently by a file, so as to secure differfint 
rates of vibration.^ This curious effect was discovered by 
Schwartz and Trevelyan.^ 

§ 3. Musical Souinds produced by Puffs. 

Professor Eobison was* the first to produce a musical 
sound by a quick succession of puffs of air. His device 
was the first form of an instrument which will soon be in- 
troduced to you under the name of the syren. Eobison 
describes his experiment in the following words: 
stopcock was so constructed that it opened and shut the 
passage of a pipq 720 times in a second. The apparatus 
was fitted to the pipe of a conduit leading* from the 
bellows to the wind-chest of an organ. The air was 
simply allowed to pass gently along* this pipe by the 
opening of the cock. When thig was repeated 720 times 
in a second, the sound g in alt was most smoothly uttered, 

'^Wlien a rough tid« rolls in upop a pebbled beach, as at Blackgang 
Chine or Freshwater Gate in the Isle of Wight, the rounded stones are 
carried up the slope by the impetus of the water, and when the wave rot 
treats the pebbles are dragged down. Innumerable collisions thiyi ensue 
of irregular intensity and recurrence. The union of these shocks produces 

a kind of scream. Hence the line in Tennyson’s Matid : — 

* 

^ow to the scream of a maddened beach dragged down b^ the wave.’ 

The height of the note depends in some measuresupon the size of the 
pebbles, varying from a kind of roar — heard when the stones are large— to 
a scream ; from a scream to a noise resembling that of frying bacon ; and 
from this, when the pebbles are so small as to approaph the state of gravel, 
to a mere hiss. The roar of the ];)reaking wave itself is mainly due to the 
explosion of bladders of air. 

* llgat a Mode of Mot ion ^ Sixth ed., p. 96. 
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equal in sweetness to a clear female voice. When the 
frequency was reduced to 360, the sound was that of a 
clear, but rather a harsh man’s voice. The cock was now 
altei*ed in such a manner that it never shut the hole en- 
tirely, but left about one-third of it open. When this 
was repeated 720 times in a second, the sound was un- 
commonly smooth and sweet. When reduced to 360, the 
sound was more mellow than any man’s voice of the same 
pitch,’ 

But the difficulty of obtaining the necessary speed 
renders another form* of the experiment preferable. A 
disc of Bristol board B, fig. 18, twelve inches in diameter, 
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is perforated at equal intervals along a circle near its cir- 
cumference. The*disc, being strengthened by a backing 
of tin, can be attached to a whirling table and caused to 
rotate rapidly. The individual holes then disappear, 
blending ' themselves into a continuous shaded cifcle. 
Immediately over this circle is placed a bent tube m, 
Connected with a pair o£ acoustic bellows. The disc is 
now motionless, the lower end of the tube being imme- 
diately over one of the perforations of the disc. If, there- 
fore, the bellows be worked, the wind will pass fromim 
through the hole# underneath. But if the disc be turned 
a little, an unperforated portion of the disc comes under 
the tube, the current of air being then intercepted. As 
the disc is slowly turned successive perforations are 
brought undei; tlje tube, and whenever* this occurs a puff 
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of air gets through. On rendering the rotation rapid, the 
puffs succeed each other in very quick succession, pro- 
ducing pulses in the air which blend to a continuous 
musical note, audible to you all. Mark how the note 
varies. When the whirling table is turned rapidly th^ 
sound is shrill; when its motion is slackened the pitch 
immediately falls. If instead of a single glass tube there 
were two of them, as far apart as two of our orifices, so tlyit 
whenever the one tube stood over an orifice, the other 
should stand over another, it is plain that if both tubes 
were blowm through, we should, ot» turning the disc, get 
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a puff through two holes at the same time. The intensity 
of the sound would be thereby augmented, but the pitch 
would remain unchanged. The* two puffs issuing at the 
sanfe instant would act in concert, and produce a greater 
effect than one upon the ear. And if instead of two tubes 
we had ten of them, or better still, if we had a tube fof 
every orifice in the disc, the puffs from the entire •series 
would all issue, and would all be cut off at the same time. 
Tfcese puffs would prodiice a note of far greater intensity 
than that obtained by the alternate escape and interrup- 
tion of the air from a single tube. In the arrangement 
now before you, fig. 19, there* are nine tubes through 
which the air is urged — tjirough nine apertures, therefore, 
puffs escape at oi^ce. On turning the^ whirling table, 


86 \kgtube ii ^ 

and alternately increasing and relaxing its speed, the 
sound rises and falls like the loud wail of a changing 
wind. 

§ 4. Musical Sounds produced by a Tuning-fork. 

c 

Various other means may be employed to throw the 
air into a state of periodic motion. A stretched string 
pplled aside and suddenly liberated imparts vibrations 
to the air which succeed each other in perfectly regular 
intervals. A tuning-fork does the saijrie. When a bow is 
drawn across the prongs of a tuning-fork, fig. 20, the 
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resin of the bow enai?les the hairs to grip the prong, 
which is thus pulled aside. But the resistance of^ the 
prong soon becomes too strong, and it starts suddenly 
^back; it is, however, impiediately laid hold of again by 
the bow, to start back once more as soon as its resistance 
becomes great enough. This rhythmic process, continually . 
repeated during the passage oi the bow, finally thr<aws 
the fork into a 4 ?tate of intense vibration, and the result 
is a musical note. A person close at hand could see the 
fork vibrating; a deaf ‘person bringing his hand suffi- 
ciently near would feel the shivering in the air. Or 
causing 'its yibrating prong to touch a card, the taps 
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against the card link themselves, as in the case of the 
gyroscope, to a musical sound, the fork coming rapidly to 
rest. What we call silence expresses this absence of motion. 

W^hen the tuning-fork is first excited the sound issues 
from it with maximum loudness, becoming gradualjy 
feebler as the fork continues to vibrate. A person close 
to the fork can notice at the same time that the ampli- 
tude, or space through which the prongs oscillate, becoipes 
gradually less and less. But the most expert ear in this 
assembly can detect no change in the pitch of the note. 
The lowering of the intensity of a note does not therefore 
imply the lowering of its pitch. Though the amplitude 



changes, the rate of vibration remains the same. Pitch 
and intensity must therefore be held distinctly apart : the 
latter depends solely upon the amplitude, the former solely 
upon the rapidity of vibration. • 

This tuning-fork may be caused to write the story of 
its own motion. Attached to the side of one of its prongs 
F, fig. 21, is a thin strip of sheet copper which tapers to 
a point. When the tuning-fork is excited it vibrates, 
and the strip of metal accompanies it in its vibratioA 
The point of the strip being brought gently down upon a 
piece of smoked glass, it moves to and fro over the smoked 
surface, leaving a clear 'line behind. As long as the hand 
is kept motionless, the point merely passes to and fro over 
the same line ; but it is plain that we. have only to draw 
the fork along the glass to produce a sinuous line, m n, 
fig. 21. 

When this prpeess is repeated without exciting the. 
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fork afreshj^ the depth df the indentations diminishes. 
The sinuous line approximates more and more to a straight 
one. This is the visual expression of decreasing ampli- 
tude. When the sinuosities entirely disappear the ampli- 
tude has become zero, and the sound, which depends upon 
the amplitude, ceases altogether. 

To M. Lissajous we are indebted for a very beautiful 
method of giving optical expression to the vibrations of a 
tuning-fork. Attached to one of the prongs of a very large 
fork is a small metallic mirror, f, fig. 22, the other prong 
being loaded with a® piece of metal to establish equi- 



librium. Permitting a blender beam of intense light to 
fall upon the mirror, the beam is thrown back by reflec- 
tion. In my hands is held a small looking-glass, which 
feceives the reflected bejtm, and from which it is again 
reflected to the screen, forming a small luminous disc 
upon the white surface. The disc is perfectly motionless; 
but the moment the fork is set in vibration the reflected 
beam is tifted rapidly up and down, the disc describing a 
band of light two or three feet long. The length of the 
band depends on the amplitude of the vibration, and you 
see it gradually s'horten as the potion of the fork is ex- 
pended. It feinains, however, a straight line as long as 
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the glass is held in a fixed position. But on suddenly 
turning the glass so as to make the beam travel from left 
to right over the screen, you observe the straight line 
instantly resolved into a beautiful luminous ripple m n. 
A luminous impression once made upon the retina lingeri 
there for a fraction of a second ; and if then the time re- 
quired to transfer the elongated image from side to side 
of the screen be less than this fraction, the wavy line lof 

Fig. 23 . 




light will occupy for a moment the whole width of the 
screen^* Instead of permitting the beam from the lamp 
to issue through a single aperture, it may be caused it) " 
issue through two sEpertures, about half an inch asunder, 
two discs of light, 43ne above the other, being thus projected 
upon the screen. When the fork is excited andT the mir- 
ror turned, we have a brilliant double sinuous line running 
over the dark surface, fig. 23. Turning the diaphragm so 
as to place the two discs beside ^ach other, on exciting 
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the fork and moving the mirror, we obtain a beautiful 
interlacing of the two sinuous lines, fig. 24. 


§ 6. The Wav&i of Sound. 

How are we to picture to ourselves the condition of 
the air through which this musical sound is passing ? 
Imagine one of thjB prongs of the vibrating fork swiftly 





do 
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advancing ; it compresses the air immediately in front of 
it, and when it retreats it leaves a partial vacuum behind, 
the process being repeated by every subsequent advance 
and retreat. The whole function of the tuning-fork is to 
earve the air into these condensations and rarefactions, 
and they, as they are formed, propagate themselves in 
succession through the air. A condensation with its 
associated rarefaction constitutes, as already stated, a 
sonorous wave. In water the length of a wave is measured 
from crest to crest ; while, in the case of sound, the wave-- 
length is the distance between two successive condensa- 

Fig. 25. 
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tions. The condensation of the sound-wave corresponds 
to the crest, while the rarefaction of the sound-wave corre- 
sponds to the sinus, hr depression, of the water-wave. 
Let the dark spaces, a, 6, c, d, fig. 25, represent the Con- 
densations, and the light ones, a', the rarefac- 

tions of the waves issuing from the fork A B : the wave- 
length would then be Measured from a to 6, from b to 
c, or from c to d, 

§ 6. Definition of Pitch: deiermination of Rates • 
of Vibration. 

When two notes froin two distinct sources are of the 
same pitch, thei^ rates of vibration are the same. If, for 
example, a string yield the samfe note as a tuning-fork, it 
is because th«y yibrate with the sam^ rapidity ; and if a 
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fork yield the same note as the pipe of an organ or the 
tongue of a concertina, it is because the vibrations of the 
fork in the one case are executed in precisely the same 
time as the vibrations of the column of air, or of the 
tongue, in the other. The same holds good for the human 
voice. If a string and a voice yield the same note, it is 
because the vocal chords of the singer vibrate in the same 
time as the string vibrates. Is there any way of deter- 
mining the actual number of vibrations corresponding to 
a musical note ? Can we infer from the pitch of a string, 
of an organ-pipe, of a tuning-fork, oj of the human voice, 
the number of waves which it sends forth in a second ? 
This very beautiful problem is capable of the most com- 
plete solution. 

§ 7. The Syren : analysis of the Instrument. 

By Jihe rotation of a perforated pasteboard disc, it has 
been just proved that a musical sound is produced by iT 
quick succession of puffs. Had we any means of register- 
ing the number o£ revolutions accomplished by that disc 
in a. minute, we should have in it a means of determining 
the number of puffs per minute due to a note of any 
determinate pitch. The disc, however, is but a cheap 
substitute for a far more perfect aijparatus, which requires 
no whirling table, and which registers its own rotations 
with the most perfect accuracy. 

I will take the instrument asunder, so that you mny^ 
see its various parts. A brass tube fig. 26, leads into 
a round box C, closed at the top by a brass plate* a b. 
This plate is perforated ^ith four series of holes, placed 
aldig four concentric circles. The innermost series con- 
tains 8, the next *10, the next, 12, and the outermost 16 
orifices. When we blow into the tube i, the air escapes 
through the orifices, and the problem no^ before us is to 
convert these continuous currents into discontinuous puffs. 
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This is accomplished by means o£ a brass disc d e, also 
perforated with 8, 10, 12, and 16 holes, at the s^me 
distances from the centre and with the same intervals 
between them as those in the top of the box c. Through 


the centre of the disc passes 
Vw, 26 . 



L steel axis, the two ends of 
which are smoothly bevelled 
oiF to points at p and jp'.' 
My object now is to cause 
this perforated disc to rotate 
over the perforated top a b 
of the box c. You will un- 
derstand how this is done 
by observing how the in- 
strument is put together. 

In the centre of a 6, fig. 
26, is a depression a5^unk in 
steel, smoothly polished and 
intended to receive the end 
of the axis. I place the 
end p' in this depression, 
and, holding the axis up- 
right, bring down upon its 
upper end p a steel cap, 
finely polished within, which 
holds the axis at the ^top, 
the pressure both at top and 
bottom being so gentle, and 
the polish of the touching 
surfaces so perfect, that the 
dish can rotate with an ex- 
ceedingly ^ small amount of 
friction. At c, fig. 27, is 


the cap which fits on to 'the upper end of the axis p p\ 
In this figure thfe disc d eh shown covering the top of the 
cylinder c. You may neglect for the^ present the wheel- 
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work of the. figure. Turning the disc d e slowly round, its 
perforations may be caused to coincide or not coincide 
with those of the cylinder underneath. As the disc turns 
its orifices come alternately over the perforations of the 
cylinder, and over the spaces between the perforation!^ 
Hence it is plain that if air were urged into C, and if the 
disc could be caused to 
rotate at the same time, 
we should accomplish 
our object, and carve 
into puffs the streams 
of air. In this beautiful 
instrument the disc is 
caused to rotate by the 
very air currents which 
it renders intermittent. 

This Is done by the 
simple device of causing 
the perforations to pass 
obliquely through the 
top of the cylinder c, and 
to impinge on the oppo- 
sitely inclined orifices of 
the rotating disc d e. 

Th€b air is thus caused 
to issue from c, not 
vertically, but in side 
currents, which impinge 
against the^ disc and 
drive it round. In this’ 
by its passage 
through the syren, the air is moulded into sonorous waves. 

Another moment will make you acquainted with the 
recording portion of the instrument. A^ the upper part 
of the steel axis p fig. 27, is a screw s, working into a 


Fio. 27. 
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pair of toothed wheels (seen when the back of , the instru- 
ment is turned towards you). As the disc and its axis 
turn, these wheels rotate. In front you simply see two 
graduated dials, fig. 28, each furnished with an index like 

the hand of a clock. 
These indexes record the 
number of revolutions 
executed by the disc in 
any given time. By 
pushing the button a 
or 6, the wheelwork is 
thrown into or out of 
action, thus starting or 
suspending, in a moment, 
the process of recording. 
Finally, by the pins m, 
^ 27, any series of orifices in the top bf the 

cylinder c can be opened or closed 3,t pleasure. By 
pressing m, one series is opened ; by pressing ti, another. 
By pressiqg two keys, two series of orifices are opened ; 
by pressing three keys, three series ; and by pressing all 
the keys, puffs are*, caused to issue from the four series 
simultaneously. The perfect instrument is now before 
you, and your knowledge of it is complete. 

This instrument received the name of syren from® its 
inventor, Cagniard de la Toifr. The one now before you 
is the syren as greatly improved by Dove. • The paste- 
board.syren, whose performance you have already heard, 
was devised by Seebeck, who gave the instrument various 
interesting forms, and executed Vith it many important 
experiments. Let us now make the gyren sing. By 
pressing the key m, the outer series of apertures in the 
cylinder c is opened, and •by working the bellows, the air 
is caused to impinge against the disc. It begins to rotate, 
and you hear a succession of puffs which follow each 
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other so slowly that they may be counted. But as the 
motion augments, the puffs succeed each other with in- 
creasing rapidity, and at length you hear a deep musical 
note. As the velocity of rotation increases the note rises 
in pitch ; it is now very clear and full, and as the air is,^ 
urged more vigorously, it becomes so shrill as to be pain- 
ful. Here we have a further illustration of the dependence 
of pitch on rapidity of vibration. I touch the side of th§ ,, 
disc and lower its speed ; the pitch falls instantly. Con- 
tinuing the contact the tone continues to sink, ending 
in the discontinuous puffs with which, it began. 

Were the blast sufficiently powerful and the syren 
sufficiently free from friction, it might be urged to higher 
and higher notes, until finally its sound would become 
inaudible to human ears. This, however, would not prove 
the absence of vibratory motion in the air ; but would 
rather show that our auditory apparatus is incompetent to ^ 
take up and translate into sound vibrations whose rjipidity 
exceeds a certain limit. The ear, as we shall immediately 
learn, is in this respect similar to the eye. ^ 

By means of the syren we can determine with extreme 
accuracy the rapidity of vibration of any sonorous body. 

It may be a vibrating string, an organ pipe, a reed, or the 
human voice. Operating delicately, we might even deter^ 
mine^from the hum of an insect the number of times it 
flaps its wings in a ’second. I* will illustrate the subject 
by determining in your presence a tuning-fork’s rapidity 
of vibration. From the acoustic' bellows I urge tlnj air 
through the syren, and, at the same time, draw my bow 
across the fork. Both nftw sound together, the tuning- 
fork yielding at present the highest note. But 6he pitch 
of the syren gradually rises, \md at length you hear 
the ‘beats ’so well known to musicians, which indicate 
that the two notes are not wide apart in* pitch. These 
beats become slower and’ slower; now they entirely 
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vanish, both notes blending as it were to a single stream 
of sound. 

All this time the clockwork of the syren has remained 
out of action. As the second hand of a watch crosses 
^the number 60, the clockwork is set going by pushing .the 
button a. We will allow the disc to continue its rota- 
tion for a minute, the tuning-fork being excited from 
• time to time to assure you that the unison is preserved. 
The second hand again approaches 6P ; as it passes that 
number the clockwork is stopped by pushing the button b ; 
and then, recorded on the dials, we have the exact number 
of revolutions performed by the disc. The number is 
1,440. But the series of holes open during the experi- 
ment numbers 16 ; for every revolution, therefore, we had 
16 puflfs of air, or 16 waves of sound. Multiplying 1,440 
by 16, we obtain 23,040 as the number of vibrations exe- 
•cuted by the tuning-fork in a minute. Dividing this 
by 60, we find the number of vibrations executed in a 
second to be 384. 


§ 8. Determination of Wave-lengths : time of Vibration. 

Having determined the rapidity of vibration, the length 
of the corresponding ^bnorous wave is found with the ut- 
most facility. Imagine a tuning-fork vibrating ip free 
air. At the end of a second froift the time it com- 
menced its vibrations the foremost wave vrould have 
rea(*hed a distance of *1,090 feet in air of the freezing 
temperature. In the air of a room which has a tempera- 
ture of about 15° C., it would %each a distance of 1,120 * 
feet in S second. In this distance, therefore, are emljfeced 
384 sonorous waves. Ditiding 1,120 by 384, we find the 
length of each wave to be nearly 3 feet. Determining 
with the syren the rates of vibration of the four tuning-forks 
now before ^ou, we find them to be 256, 320, 384, and 
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512; these numbers corresponding to wave-lengths of 
4 feet 4 inches, 3 feet 6 inches, 2 feet 11 inches, and 2 feet 
2 inches respectively. The waves generated by a man’s 
voice in common conversation are from 8 to 12 feet, those 
of a woman’s voice are from 2 to 4 feet in length. Hence 
a woman’s ordinary pitch in the lower sounds of conversa- 
tion is more than an octave above a man’s ; in the higher 
sounds it is two octaves. 

And here it is important to note that by the term vi- 
brations are meant complete ones ; and by the term sonor- 
ous wave are meant a condensation » and its associated 
rarefaction. By a vibration an excursion to and fro of the 
vibrating body is to be understood. Every wave generated 
by such a vibration bends the tympanic membrane once in 
and once out. These are the definitions of a vibration and 
of a sonorous wave employed in England and Germany. 
In Francfe, however, a vibration consists of an excursion of 
the vibra^g body in one direction^ whether to or fro. 
The French vibrations, therefore, are only the halves of 
ours, and we therefore call them semi- vibrations. .. In all 
cases throughout these chapters, when the word vibration 
is employed without qualification, it refers to complete 
vibrations. 

During the time required by eSlch of those sonorous 
waves iio pass entirely over a particle of air, that particle 
accomplishes one complete vibration. It is at one moment 
pushed forward into the condensation, while at the next 
moment it is urged back into the rarefaction. The time 
required by the particle to execute a complete oscillation 
isj thearefore, that required" by the sonorous wave to move 
thrcMgh a distance equal to its own length, ^ Supposing the 
length of the wave to be 8 feet, and the velocity of sound 
in air of our present temperature to'be 1,120 feet a second, 
the wave in question will pass over its owfi length of air 
in of a second ; this is the time required by every 

F 2 
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air-particle which the wave passes in its course to 
complete an oscillation. 

In air of a definite density and elasticity a certain 
length of wave always corresponds to the same pitch. But 
supposing the density or elasticity not to be uniform; 
supposing, for example, the sonorous waves from one of 
our tuning-forks to pass from cold to hot air, an instant 
raugmentation of the wave-length would occur, without any 
change of pitch, for we should have no change in the 
rapidity with which the waves would reach the ear. Con- 
versely with the same length of wave the pitch would be 
higher in hot air than in cold, for the succession of the 
waves would be quicker. In an atmosphere of hydrogen 
waves of a certain length would produce a note two 
octaves higher than waves of the same length in air ; for, 
in consequence of the greater rapidity of propagation, the 
* number of impulses received in a given time ift the one 
case would be four times the number received in the 
other. 


§ 9. Definition of an Octave, 

. . ' f y 

ijpenmg the innermost and outermost seriel of the 
orifices of our syren, and sounding both of them, either 
together or in succesSion, the musical ears present at once 
detect the relationship of the two sounds. They^ notice 
immediately that the soufid which issues from the circle of 
16 orifices is the octave of that which issues from the circle 
of 8. But for every wave sent forth by the latter, two 
waves are sent forth by the former. In this way we 
prove t^ physical meaning of the term ^ octave ’ to be, 
a note^^roduq{id by double the number of vibratimis of 
its fundamental. By mTiltiplying the vibrations of the 
octave by tw^o, we obtain its octave, and by a continued 
multiplication* of this kind we obtain a series of numbers 
answering to a series of octaves. Starting, for example, 
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from a fundamental note of 100 vibrations, we should 
find by this continual multiplication that a note five 
octaves above it would be produced by 3,200 vibrations. 
Thus : — 

100 Fundamental note 
2 

200 Ist octave 
2 

400 2nd octave 
2 

800 3rd octave 
2 

1600 4th octave 
2 

3200 5tli octave 

This result is more readily obtained by multiplying the 
vibrations of the fundamental note by the fifth power of 
two. In a subsequent lecture we shall return to this 
question of musical intervals. For our present purpose it 
is only necessary to define an octave. 

§ Iflfe Limits of the Ear ; and of Musical Sounds. 

The ear’s range of hearing is limited in both directions. 
Savart fixed the lower limit at eight»complete vibrations a 
second,; and to cause these slowly recurring vibrations to 
link themselves together, he was obliged to employ shocks 
of great power. By means of a toothed wheel and an 
•associated counter, he fixed the up^er limit of hearing at 
24,000 vibrations a second. Helmholtz has recently fixed 
the lower limit at 16 vibrations, and the higher at 38,000 
vibrations, a second. By employing very smalTjtuning- 
forks, the late M. Depretz showed that a sound correspond- 
ing to 38,000 vibrations a second is audible.' Starting 

* The error of Savart consists, according to Hellhholtz, in having 
adopted an arrangement in which ^overtones (described in Lecture 111.) 
were mistaken for the fundamental one. 
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from the note 16 and multiplying continually by 2, or more 
compendiously raising 2 to the 11th power, and multiply- 
ing this by 16, we should find that at 11 octaves above 
the fundamental note the number of vibrations would be 
32,768. Taking, therefore, the limits assigned by Helm- 
holtz, the entire range of the human ear embraces about 
eleven octaves. But all the notes comprised within these 
limits cannot be employed in music. The practical range . 
of musical sounds is comprised between 40 and 4,000 
vibrations a second, which amounts, in round numbers, to 
7 octaves.' ^ 

The limits of hearing are different in different persons. 
While endeavouring to estimate the pitch of certain sharp 
sounds, Dr. Wollaston remarked in a friend a total insen- 
sibility to the sound of a small organ-pipe, which, in respect 
to acuteness, was far within the ordinary limits of hearing. 
The sense of hearing of this person terminated at a note 
four octaves above the middle E of the pianoforte. The 
squeak of a bat, the sound of a cricket, even the chirrup 
of the dbmmon house- sparrow, are unheard by some people 
who for lower sounds possess a sensitive ear. A difference 
of a single note^ is sometimes sufficient to produce the 
change from sound to silence. ‘ The suddenness of the 
transition,’ writes Wollaston, ‘ from perfect hearing to total 

u 

' ‘ The deepest tone of orchestra instrumenfs is the E of the doiiblc- 
hass, -with 41 ^ vibrations. The new pianos and organs go generally as far 
as C* with 33 vibrations; new grand pianos may reach A" with 27 h 
vibrations. In large orgjins a lower octave is introduced reaching to C“ 
with 1 vibrations. But the musical character of all these tones under E 
is imperfect, because they are near the l^it whore the power of the ear to 
unite the vibrations to a tone ceases. In height the pianoforte resells to 
a*’^ with 3^20 vibrations, or sometimes to c’^ with 4,224 vibrations. The 
highest note of the orchestra is probably the d’ of the piccolo flute, with 
4,752 vibrations.’ — Helmholtz, Tonenvpfinduvgcn, p. 30. In this notation 
we start from C with 66 vibrations, calling the first lower octave C*, and 
the second G“ ; and calling the first highest octave e, the second c^ the 
third c*’, the fourth c'", &c. In England the deepest tone, Mr. Macfarren 
informs me, is -:iot e but a, a fourth above it. 
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want of perception^ occasions a degree of surprise which 
renders an experiment of this kind with a series of small 
pipes among several persons rather amusing. It is curious 
to observe the bhange of feeling manifested by various 
individuals of the party, in succession, as the sounds ap-^ 
proach and pass the limits of their hearing. Those who 
enjoy a temporary triumph are often compelled, in their 
turn, to acknowledge to how short a distance their littlie* 
superiority extends.’ ‘ Nothing can be more surprising,’ 
WTites Sir John Herschel, ‘ than to see two persons, neither 
of them deaf, the one complainings of the penetrating 
shrillness of a sound, w^hile the other maintains there is 
no sound at all; Thus, while one person mentioned by 
Dr. Wollaston could but just hear a note 4 octaves above 
the middle E of the pianoforte, others have a distinct per- 
ception of sounds full 2 octaves higher. The chirrup of 
the sparrow is about the former limit; the cry of the bat . 
about an octave above it ; and that of some insects probably 
another octave.’ In ‘The Glaciers of the Alps’ I have 
referred to a case of short auditory range noticed by my- 
self, in crossing the Wengern Alp in company with a 
friend. The grass at each side of the jjath swarmed with 
insects, which to me rent the air with their shrill chirrup- 
ing. Aly friend heard nothing of this, the insect-music 
lying beyond his limit of audition.* 

§ 11. Drum of the Ear. The Eustachiam Tithe. 

Behind the tympanic membnxne exists a cavity — the 
drum of the ear — in parti crossed by a series of bones, and 
in^rt occupied by air. This cavity communicates vrith 
the mouth by m^ns of a duct«called the Eustachian tube. 
This tube is generally closed, the air-space behind the tym- 

‘ By means of small pipes devised by himself, th^ higher limit of hear- 
ing has been recently investigated^ith characteristic genius by Mr. Francis 
Galton. 
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panic membrane being thus shutoff from the external air. 
If, under these circumstances, the external air becomes 
denser, it will press the tympanic membrane inwards. If, 
on the other hand, the air outside become rarer, while the 
flustachian tube remains closed, the membrane will be 
pressed outwards. Pain is felt in both cases, and partial 
deafness is experienced. I once crossed the Stelvio Pass 
bf night in company with a friend who complained of acute 
pain in the ears. On swallowing his saliva the pain in- 
stantly disappeared. By the act of swallowing the Eusta- 
chian tube is opened,* and thus equilibrium is established 
between the external and internal pressure. 

It is possible to quench the sense of hearing of low 
sounds by stopping the nose and mouth, and trying to ex- 
pand the chest, as in the act of inspiration. This effort 
partially exhausts the space behind the tympanic mem- 
<-brane, which is then thrown into a state of tension by the 
pressure of the outward air. A similar deafness to low 
sounds is produced wdien the nose and mouth are stopped, 
and a string effort is made to expire. In this case air is 
forced through the Eustachian tube into the drum of the 
ear, the tympanic*membrane being distended by the pres- 
sure of the internal air. The experiment may be made in 
a railway carriage, when the low rumble will vanish or be 
greatly enfeebled, while the sharper Soqnds are heard Vith 
undiminished intensity. Dr. Wollaston was expert in 
blosiug the Eustachian tybe, and leaving the space behind 
the tympanic membrane occupied by either compressed or 
rarefied air. He was thus able cause his deafness to 
continue for any required time without effort on his ptrt, 
always, however,tabolishing^ it by the act of swallowing. 
A sudden concussion may produce deafness by forcing air 
either into or out of the* drum of the ear, and this may 
account for a fact noticed by myself in one of my Alpine 
rambles. In^the summer of 1858, jjimping from a cliff 
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on to what was supposed to be a deep snow-drift, I came 
into rude collision with a rock which the snow barely 
covered. The sound of the wind, the rush of the glacier- 
torrents, and all the other noises which a sunny day 
awakes upon the mountains, instantly ceased. I couki 
hardly hear the sound of my guide’s voice. This deafness 
continued for half-an-hour ; at the end of which time the 
blowing of the nose opened, I suppose, the Eustachkm 
tube, and restored, with the quickness of magic, the 
innumerable murmurs which filled the air around me. 

Light, like sound, is excited by^ulses or waves ; and 
lights of different colours, like sounds of different pitch, 
are excited by different rates of vibration. But in its 
width of perception the ear far transcends the eye ; 
for while the former ranges over 11 octaves, but little 
more than a single octave is possible to the latter. The 
quickest vibrations which strike the eye, as light, have', 
only about twice the rapidity of the slowest;^' whereas 
the quickest vibrations which strike the ear, as a musical 
sound, have more than two thousand times the rapidity of 
the slow'est. 

§ 12. Helmholtz^a Double Syren. 

Professor Dove, as we have seen, extended the utility 
of tfie syren of Cagniard de la Tour, by providing it with 
four series of orifices instead of one. By doubling all its 
parts, Helmholtz has recently added vastly to the power 
of the instrument. The double syren, as it is called, is 
now before you, fig. 28t(next page). It is composed of 
two of Dove’s syrens, c and c', one turned upside down. 
You will recognise in the lowejr syren th(^ instrument with 
which you are already acquainted. The discs of the two 

* It is hardly necessary to remark that the quickest vibrations and 
shortest waves correspond to the^xtreme violet, while the slowest vibra- 
tions and longest waves torrespond to the extreme red, of the spectrum. 
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syrens have a common axis, so that when one disc rotates • 
the other rotates with it. As in the former case, the 
number of reyolutions is recorded by clockwork (omitted 
in the figure). When air is urged through the tube f 
the upper syren alone sounds'; when urged through <iie 
lower one only sounds ; when it is urged simultaneously 
through f and both the syrens sound. With this instru- 
ment, therefore, we are able to introduce much more valtfed 
combinations than with the former one. Helmholtz has 
also contrived a means by which not only the disc of the 
upper syren, but the box c' above^he disc, can be caused 
to rotate. This is effected by a toothed wheel and pinion, 
turned by a handle. Underneath the handle is a dial 
with an index, the use of which will be subsequently 
illustrated. 

I^et us direct our attention for the present to the upper 
syren. By means of an india-rubber tube, the orifice f 
is connected with an acoustic bellows, and air is urged into 
c'. ' Its disc turjis round, and we obtain with it all the 
results already obtained with Dove’s syren. The pitch of 
the note is uniform. Turning, the handle above, so as to 
cause the orifices of the cylinder c' meet those of the 
disc, the two sets of apertures pass each other more rapidly 
than when the cylinder stood still. An instant rise of 
pifch«is the result. By revising the motion, the orifices 
are caused to pass each other more slowly than when c' Js 
motionless, and in tliis case yoy notice an instant fall of 
pitch w^hen the handle is turned. Thus, by imparting in 
quick alternation a right-handed and left-handed motion 
the handle, we obtain successive rises and ftjjls of pitch. 
An extremely instructive effgct of this* kind may be ob- 
served at any railway station on the passage of a rapid 
train. During its approach the sonorous waves emitted 
by the whistle are virtwlly shortened, a greater number 
of them being crowded into the ear inaa given time. 
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•During its retreat we have a virtual lengthening of the 
sonorous waves. The consequence is that, when ap- 
proaching, the whistle sounds a higher note, and when 
retreating it sounds a lower note, than if the train were 
stftl. A fall of pitch, therefore, is perceived as the train 
passes the station.* This is the basis of Doppler’s theory of 
the coloured stars. He supposes that all stars are white, 
but ‘ that some of them are rapidly retreating from us, 
thereby lengthening their luminiferous waves and becom- 
ing red. Others are rapidly approaching ns, thereby 
shortening their wave?, and becoming green and blue. 
The ingenuity of this theory is extreme, but its correct- 
ness is more than doubtful. 

§ 13. Transmission of Musical Sounds hy Liquids 
and Solids. 

We have thus far occupied ourselves with the trans- 
mission of musical sounds through air. They are also 
transmitted by liquids and solids. When a tuning-fork 
screwed into a little wooden foot vibrates in free air, only 
the persons closest Jto it hears it sound. On dipping the 
foot into a glass of water a musical sound is audible ; the 
vibrations having been trtinsmitted through the water to 
the air. The tube M N, fig. 30, three feet long, is set 
upright upon a wooden tray ‘A B. The*" tube ends in a 
fuBhel at the top, and is now filled with water to the 
brim. The fork f is throwll into vibration, and on dipping 
its foot into the funnel M, a musical sound swells 
out. I must so far forestall Aatters as to remark, 
that in thift experiment the tray is the real sounding 
body. It has been thrown "into vibration by the fork, 

* Experiments on this subject were first made by M. Buys Ballot on the 
, Dutch railway, and stlbsequently by Mr. Scott Russell in this country. 
Doppler’s idea is now applied to determine? from changes of wave-length, 
motions in the sun p<nd fixed stars. • 
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but the vibrations have been conveyed to the tray hy 
the water. Through the same medium vibrations are 
communicated to the auditory nerve, the terminal filaments 
of which are immersed in a liquid. Substituting mercury 
for water in this experiment, a similar result is obtained. 

The syren has received its name from its capacity to 
sing under water. A vessel now in front* of the table is 
half filled with 


the liquid, in 
which a syren is 
wholly immersed. 
When a cock is 
turned the water 
from the pipes 
which supply 
the house forces 
itself through 
the instrument. 
Its disc is now 
rotating, and a 
sound of rapidly 
augmenting 
pitch issues from 
the vessel. The 
p^ch rises thus 
rapidly because 
the heavy and 
powerfully pres- 


Fio. 30 . 



sed water soon 


drives the disc up tcf its maximum speed of rotation. 
When the supply is lessened, the motion relaxes and the 
pitch falls. Thus, by alternately opening and closing the 
cock, the song of the syren is paused to rise and fall in a 
wild and melancholy manner. You would not consider 
such a sound likely to itoo mariners to their doom. 
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The transmission of musical sounds through ' solid 
bodies is also capable of easy and agreeable illustration. 
Before you is a wooden rod, thirty feet long, passing 
from the table through a window in the ceiling, into 
tl^e open air above. The lower end of the rod rests 
upon a wooden tray, to which the musical vibrations of 
a body applied to the upper end of the rod are to be 
transferred. An assistant is above, with a tuning-fork 
in his hand. He strikes the fork against a pad; it 
vibrates, but you hear nothing. He now applies the stem 
of the fork to the end of. the rod, and instantly the wooden 
tray upon the table is rendered musical. The pitch of 
the sound, moreover, is exactly that of the tuning-fork ; 
the wood has been passive as regards pitch, transmitting 
the precise vibrations imparted to it, without any altera- 
tion. With another fork a note of another pitch is ob- 
tained. Thus fifty forks might be employed instead of two, 
and 300 feet of wood instead of 30 ; the rod would trans- 
mit the precise vibrations imparted to it, and others. 

We are^snow prepared to appreciate an extremely beau- 
tiful experiment, for which we are indebted to Sir 
Wheatstone. In a^room underneath this, and separated 
from it by two floors, is a piano. Through the two floors 
passes a tin tube incSies in diameter, and along, l/he 
axis of this tube passes a rod of deal, the end pf tAiich 
emerges from the floor in front of the lecture table. The 
r6d is clasped by india-rubber bands, which entirely close 
the tin tube. The lower fend of the rod rests upon the 
sound-board of the piano, its upper end being exposed 
before you. An artist is at this ihoment engaged at the 
instruments^ but you hear no sound. When, however, a 
violin is placed upon the enfl of the rod, the instrument 
becomes instantly musical, not, however, with the vibra- 
tions of its own® strings, but with those of the piano. 
When the violin is removed, the*sound ceases; putting in 
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its place a guitar, the musi6 revives. For the violin a^d 
guitar we may substitute a plain wooden tray, which is 
also rendered musical. Here, finally, is a harp, against 
the sound-board of which the end of the deal rod is 
caused to press ; every note of the piano is reproduce^ 
before you. On lifting the harp so as to break the con- 
nection with the piano, the sound vanishes; but the 
moment the sound'^-board is caused to press upon the jqd 
the music is restored. The sound of the piano so far 
resembles that of the harp that it is hard to resist the 
impression that the music you heayr is that of the latter 
instrument. An uneducated^ person might well believe 
that witchcraft or ^ spiritualism ’ is concerned in the pro- 
duction of this music. 

What a curious transference of action is here presented 
to the mind! At the command of the musician’s will, the 
fingers strike the keys ; the hammers strike the strings, by 
which the rude mechanical shock is converted into tremors. 
The vibratyns are communicated to the sound-board of 
the piano. . Upoii that board rests the end of tl^ deal rod, 
,thii3Hj/Sd off to a sharp edge to make it fit more easily 
between the wires. Through the edge, and afterwards 
along the rod, are poured with unfailing precision the 
entangled pulsations produced by the shocks of those ten 
agHpljlngers. To the sound-board of the harp before you 
the rod fiiftbfully Helivers up* the vibrations of which it is 
the vehicle. . This second sound-board transfers the 
tion to the air, carving it and* chasing it into forms so 
transcendently complicated that confusion alone could be 
, anticipated from the Shock and jostle of the sonorous 
wave^. But the marvellous human ear acc^ts every 
feature of the motion, and alFthe strife and struggle and 
confusion melt finally into music upon the brain.* 

• 

1 An ordinary musical box i^ny be substituted for the piano in this 
experiment. 



80 LECTURE IT. 


SUMMARY OF LECTURE II. 

* A musical sound is produced by pulses or waves which 
follow each other at regular intervals with sufficient 
rapidity of succession. 

Noise is produced^ by an irregular succession of sono- 
rous pulses. 

A musical sound may be produced by taps which ra- 
pidly and regularly succeed each other. The taps of a 
card against the cogs of a rotating wheel are usually em- 
ployed to illustrate this point. 

A musical sound may also be produced by a succession 
of puffs. The syren is an instrument by which such puffs 
are generated. 

The ^tch of a musical note depends solely on the 
number of vibrations concerned in its production. The 
more rapid the vibrations, the higher the pitch. 

By means of the syren the rate of vibration of any 
sounding body may be determined. It is only necessary 
to render the note of the syren and that of the body 
identical in pitch, to maintain both sounds in unison for a 
certain time, and to ascertain, by means of the counter of 
the syren, how many puffs have issued from the instru- 
ment in that time. This number expresses the number 
of vibrations executed by the sounding body. ^ 

When a bodyvcapable of emitting a musical sound — a 
tuning-fork, for example — vibrates, it moulds the sur- 
rounding air into sonorous waves, each of which consists 
<>f a condensation and a rarefaction. 

The length of the sonorous wav^ is measured from 
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condensation to condensation, or from rarefaction to rare- 
faction. 

The wave-length is found by dividing the velocity of 
sound per second by the number of vibrations executed 
by the sounding body in a second. 

Thus a tuning-fork which vibrates 256 times in a 
second produces in air of 15** C., where the velocity is 
1,120 feet a second, waves 4 feet 4 inches long. While 
two other forks, vibrating respectively 320 and 384 times 
a second, generate waves 3 feet 6 inches and 2 feet 1 1 
inches long. 

A vibration, as defined in England and Germany, com- 
prises a motion to and fro. It is a complete vibration. 
In France, on the contrary, a vibration comprises a move- 
ment to or fro. The French vibrations are with us semi- 
vibrations. 

The lime required by a particle of air over which a 
sonorous wave passes to execute a complete vibration is 
that required by the wave to move through a distance 
equal to its own length. 

The higher the temperature of the air, the longer is 
the sonorous wave corresponding to an/ particular rate 
of vibration. Given the wave-length and the rate of 
vibration, we can readily deduce tlie temperature of the 
air. • 

The human ear is limited* in its range of hearing 
musical sounds. If the vibrations number less than 16 a 
second, we are conscious only of the separate shocks. If 
they exceed 38,000 a secopd, the consciousness of sound 
ceas^ altogether. The range of the best ear covers about 
11 octaves, but an auditory range^ limited t^ 6 or 7 octaves 
is not uncommon. 

The sounds available in music fire produced by vibra- 
tions comprised between the limits of 4() and 4,000 a 
second. They embrace 7 octaves. 



82 LECTURE IL 

The range of the ear far transcends that of the eye, 
which hardly exceeds an octave. 

By means of the Eustachian tube, which is opened in 
the act of swallowing, the pressure of the air on both sides 
e of the tympanic membrane is equalised. 

By either condensing or rarefying the air behind the 
tympanic membrane, deafness to sounds of low pitch may 
be produced. 

On the approach of a railway train the pitch of the 
whistle is higher, on the retreat of the train the pitch is 
lower, than it wouldl)e if the train were at rest. 

Musical sounds are transmitted by liquids and solids. 
Such sounds may be transferred from one room to 
another ; from the ground-floor to the garret of a house 
of many stories, for example, the sound being unheard in 
the rooms intervening between both, and rendered audible 
only when the vibrations are communicated to a' suitable 
sound-board. 
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LECTUHE III. 

VIBRATION OF STRINGS — INFLUENCE OP SOUND-BOARDS — LAWS OF VIBRATING 
STRINGS — STATIONARY AND PROGRESSIVE WAVES — NODES AND VENTH*iL* 
SEGMENTS — APPLICATION OF RESULTS TO THE VIBRATIONS OF MUSICAL 
STRINGS — EXPERIMENTS OF MVLDE — STRINGS SET IN VIBRATION BY TUNING- 
FORKS — LAWS OF VIBRATION* THUS DEMONSTRATED — HARMONIC TONES OF 
STRINGS— DEFINITION OF TIMBRE OR QUALITY^ OP OVERTONES AND CLANG 
— ABOLITION OF SPECIAL HARMONICS — CONDITIONS WHICH AFFECT THE 
INTENSITY OF THE HARMONIC TONES — OPTICAL EXAMINATION OF THE 
VIBRATIONS OF A PIANO-IVIRK. 


§ 1. Vibratio7i8 of Strings: use of Sound-hoards. 


W E bave to begin our studies to-day with the vibrations 
of strings or wires ; to learn how bodies of this 
Fig. 31. 



form are rendered available as fources of musical sounds, 
and to investigate the laws of their vibrations. 

To enable a musical string to vibrate transversely, or 
at right angles to its length* it must be stretched between 
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two rigid points. Before you, fig. 31, is an instrument 
employed to stretch strings, and to render their vibra- 
tions audible. From the pin p, to which one end of it is 
firmly attached, a string passes across the two bridges B 
^nd b', being afterwards carried over the wheel n, which 
moves with great freedom. The string is finally stretched 
by a weight w of 28 lbs. attached to its extremity. The 
dlvridges B and b', which constitute the real ends of the 
string, are fastened on to the long wooden box M N. The 
whole instrument is called a monochord or sonometer. 

Taking hold of the stretched string B b' at its middle 
and plucking it aside, it springs back to its first position, 
passes it, returns, and thus vibrates for a time to and fro 
across its position of equilibrium. You hear a sound, but 
the sonorous waves which at present strike your ears do 
not proceed immediately from the string. The amount 
of wave-motion generated by so thin a body is tdb small 
to be sensible at any distance. But the string is drawn 
tightly over the two bridges b b' ; and when it vibrates, 
its trein^)rs are communicated through these bridges to 
the entire mass of the box M N, and to the air within the 
box, which thus become the real sounding bodies. 

That the vibrations of the string alone are not sufficient 
to produce the sound may be thus experimentally demon- 
strated ; — A B, fig. 32, is a piece of wood placed acrojss an 
iron bracket c. From each end of 'the piece of wood 
depends a rope ending in a loop, while stretching across 
from loop to loop is an iron bar m n. From the middle 
of the iron bar hangs a steel wire s s', stretched by a 
weight w of 28 lbs. By this arrangement the wire is 
detached from all large surfaces to which it could impart 
its vibrations. Plucking the wire s s' in the middle, it 
vibrates vigorously, but -even those nearest to it do not* 
hear any sound. The agitation imparted to the air is 
too inconsiderable to affect the auditory nerve. A second- 



*tNPLUBNCE OP. SOUND-BOARDS 


85 


wire 1 1\ fig. 33 (next page), 
ness, and material as s s', ha 
the wooden tray A b. This 
of 28 lbs. Finally, passing 
over the bridges n b' of the 
sonometer, fig. 31, is our 
third wire, in every respect 
like the two others, and 
like them stretched by a 
weight w of 28 lbs. When 
the wire 1 1\ fig. 33, is caused 
to vibrate, you hear its 
sound distinctly. Though 
one end only of the wire is 
connected with the tray, a b, 
the vibrations transmitted 
to it are sufficient to con- 
vert the tray into a sound- 
ing body, h^'inally, when 
the wire of the sonometer 
M N, fig. 31, is plucked, the 
sound is loud and full, be- 
cause the instrument is 
specially constriiiited to take 
up the vibrations ,of the 


, of the same length, thick- 
3 one of its ends attached to 
wire also carries a weight w 
Fig. 32. 



Wire. 

The importance of em- 
ploying proper sounding ap- 
paratus in stringed instru- 
ments is rendered manifest 
by these experiments. It is not ^he stringj* of a harp, or a 
lute, or a piano, or a violin, that throw the air into sono- 
rous vibrations. It is the large surfaces with which the 
strings are associated, and ^the air enclosed by these sur- 
faces. The goodnesstof such instruments dep^nds almost 
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wholly upon the quality and disposition of their sound 
boards.' 

Take the violin as an example. It is, or ought to be, 

formed of wood 
of the most per- 
fect elasticity. 
Imperfectly elas- 
tic wood expends 
the motion im- 
parted to it in 
the friction of its 
own molecules ; 
the mot ion is con- 
verted into heat, 
instead of sound. 
The strings of the 
violin pass from 
the ‘ tail-piece ’ 
of the instrument 
over the ‘ bridge,’ 
beingthence car- 
ried to the ‘pegs,’ 
the turning of 
which regulates 
the tension of 
the strings. The 
bow is draw’n 
across at a point 
about one-tenth 
of the Jength of the string from the bridge. The^wo 

* To show tlie influence of a Hir^e vibrating surface in communicating 
sonorous motion to tlie air, Mr. Kilburn encloses a musical box witliin 
cases of thick fplt. Through the cases a wooden rod, which rests upon 
the box, issues. When the box plays a tune, it is unheard as long as the 
rod only emerges ; but when a thin disi of wood is fixed on the rod, the 
music becomes immediately audible. * 
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‘ feet ^ of the bridge rest upon the most yielding portion 
of the ‘ belly ’ of the violin — that is, the portion that lies 
between the two / shaped orifices. One foot is fixed over 
a short rod, the ^ sound post,’ which runs from belly to 
back through the interior of the violin. The foot of the 
bridge is thereby rendered rigid, and it is mainly through 
the other foot, which is not thus supported, that the 
vibrations are conveyed to the wood of the iiistriimen^ 
and thence to the air within and without. The sonorous 
quality of the wood of a violin is mellowed by age. The 
very act of playing also has a beneficial influence, appa- 
rently constraining the molecules of the wood, which in 
the first instance might be refractory, to conform at last 
to the requirements of the vibrating strings. 

Professor Stokes has applied to sound-boards the con- 
ception wdiich enabled him to ex 2 )lain the observation of 
Sir John Leslie regarding the *iction of hydrogen on sound 
(page 8). When a string vibrjites alone the air slij)8 
readily to and fro^ round so small a body, abolishing the 
condensations and rarefactions. Put tliis is no# accom- 
plished so easily when the vibrating Ixxly is of consider- 
able area. The air cannot then movefiway in front nor 
slip in behind before it is sensibly condensed or rarefied. 
Hence wdth such vibrating * 

bodi^ sound-waves may 
be generated and loud * ' 
tones produced, while the ^ ^ 

thin strings that set them in 
vibration, acting alone, are 
qui^e inaudible. 

The increase of sound 
produced by the stoppage 
of lateral motion has been 
experimentally illustrated J:)y Professor Stokes. Let the 
two black rectangles,in fig. 34 represent the section of the 
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prongs of a tuning-fork. After it has been made to vibrate, 
place a sheet of paper or the blade of a broad knife,- with 
its edge parallel to the axis of the fork, and as near to the 
fork as may be without touching. If the obstacle be so 
^ placed that the section of it is A or P, no effect is produced ; 
but if it be placed at c, so as to prevent the reciprocating 
to and fro movement of the air, which tends to abolish the 
r condensations and rarefactions, the sound becomes much 
stronger. 

§ 2. Laiv8 of Vibrating Strings. 

Having thus leafned how the vibrations of strings are 
rendered available in music, we have next to investigate 
the laws of such vibrations. I pluck at its middle point 
the string B b', fig. .31. The sound heard is the funda- 
mental or lowest note of the string, to produce which it 
swings, as a whole, -to and fro. By placing a ipoveable 
bridge under the middle of the string, and pressing the 
string against the bridge, it is divided into two equal 
parts. Plucking either of those at it,s centre, a musical 
note is •'obtained, which many of you recognise as the 
octave of the fundamental note. In all cases, and with 
all instruments,* the octave of a c note is produced by 
doubling the number of its vibrations. It can, moreover, 
be proved, both by theory and by the syren, that this half 
string vibrates with exactly twice the i;apidity of the whole. 
In the same way it can be proved that one-third of the 
string vibrates with th^ee times the rapidity, producing a 
note a fifth above the octave, while one-fourth of the 
string vibrates with four times the rapidity, producing the 
double octave of the w’hole string. In general terms^the 
number of vibrations is inversely proportional to the 
length of the string. This is our first law. 

Again, the more tightly a string is stretched the more 
rapid is its vibration. When,^ this comparatively slack 
string is caiised to vibrate, you hea»its low fundamental 
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note. By turning a peg, round which one end of it is 
coiled, the string is tightened, and the pitch rendered 
higher. Taking hold with my left hand of the weight W', 
attached to the wire B b' of our sonometer, and plucking 
the wire with the fingers of my right, I alternately pre«s 
upon the weight and lift it. The quick variations of 
tension are expressed by a varying wailing tone. Now, 
the number of vibrations executed in tlie unit of time 
bears a definite relation to the stretching force. Apply- 
ing different weights to the end of the wire B b', and 
determining in each case the Aumber of vibrations 
executed in a second, we find the numbers thus obtained 
to be jproportio7ial to the squai^e roots of the stretchmrj 
lueights. A string, for example, stretched by a weight of 
1 lb., -executes a certain number of vibrations per second ; 
if we^wish to double this number, we must stretch it by a 
weight of 4 lbs. ; if we wish to treble the number, we must 
apply a weight of 9 lbs., and so on. This is our second law. 

The vibrations of a string also depend upon its thick- 
ness. Preserving the stretching weight, the length, and 
the material of the string constant, the mimber of vihra-- 
tions varies inversely as the thichnesifof the string. If, 
therefore, of two strings of the same material, equally long 
and equally stretched, the one has twice the diameter of 
the? other, the thinner string will execute double the 
number of vibrations of its fellow in the same time. If 
one string be three times as thick as another, the latter 
will execute three times the number of vibrations, and 
so on. This is our thi^ law. 

• Finally, the vibrations of a string depend upon the 
density of the matter of which it is composed. A platinum 
wire and an iron wire, for example, of the same length and 
thickness, stretched by the same weight, will not vibrate 
with the same rapidity. ^For vrhile the specific gravity of 
iron, or in other wgrds its density, is 7*8, tl^t of platinum 
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is 21*5. All other conditions remaining the same, the 
number of vibrations is inversely proportional to the 
square root of the density of the string. If the density 
of one string, therefore, be one-fourth that of another of 
tile same length, thickness, and tension, it will execute 
its vibrations twice as rapidly ; if its density be one-ninth 
that of the other, it will vibrate with three times the 
raifidity, and so on. This is our fourth law. The third 
and fourth laws, taken together, may be expressed thus : — 
The number of vibrations is inversely proportional to the 
square root of the weight of the string. 

In the violin and other stringed instruments we avail 
ourselves of thickness instead of length to obtain the 
deeper tones. In the piano we not only augment the 
thickness of the wires intended to produce the bass notes, 
but we load them by coiling round them an extnyieous 
substance. They resemble horses heavily jockeyed, and 
move more slowly on account of the greater weight im- 
posed upon the force of tension. 

«• 

§ 3. Mechanical Illustrations of Vibrations. Progres- 
sive and Statih7Uiry Waves. Ventral Segments and 
Nodes. 

« 

These, then, are the four laws which regulate the 
transverse vibrations of strings. We now turn to cerfain 
allied phenomena, which, though they involve mechanical 
considerations of a rather„.complicated kind, may be com- 
pletely mastered by an average amount of attention. And 
they must be mastered if we would thoroughly comprehend 
the philosophy of stringed instruments. *. 

From the ceiiing c, fig^ 35, of this room hangs an 
india-rubber tube 28 feet long. The tube is filled with 
sand to render its motions slow and more easily followed 
by the eye. I take hold of its fr^te end a, stretch the tube 
a little, and by properly timing my impulses cause it to 
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swing to and fro as a whole, as shown in the figure. It 
has its definite period of vibration dependent on its length, 
weight, thickness, and tension, and my impulses must 
synchronise with that period. 

I now stop the motion, and by a sudden jerk raise 4 
hump upon the tube, which runs along it as a pulse towards 
its fixed end ; here the hump Yw ' 

Fio. 35. reverses itself, and runs back ^ c * 



to my hand. At the fixed end 
of the tube, in obedience to 
the law of reflection, the pul se 
reversed both its position and 
the direction of its motion. 
Supposing c, fig. 36, to be 
the fixed end of the tube, and 
a the end held in the hand ; if 
the pulse on reaching c have 
the position shown in ( 1 ), after 
refl action it will have the 
position shown in (2). The 
arrows mark the direction of 
progression. The time %- 
quired for the pulse^to pass 
from the hand to the fixed 
end and back is^exactly that 
required to accomplish one 
complete vibratior# of the 
tube as a whole. It is indeed 
theadditicti of such impulses 
which causes the tube to con- 
tinue to vibrate as a whole.* 
If, instead of ^ a single 
•jerk, a succession of jerks bg 




imparted, thereby sending a series of pulses along the 
itube, every one of them will be reflected above, and we 
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have now to inquire how the direct and reflected pulses 
behave towards each other. 


Let the time required by the pulse to pass from the 
hand to the fixed end be one second ; at the end of half a 
Second it occupies the position a 6 (1), fig. 37, its fore- 
most point having reached the middle of the tube. At 
the end of a whole second it would have the position b c 


c 



n 


Fig. 37. 


c c c 



a a * a 


(2), its foremost point having 
reached the fixed end c of the 
tube. At the moment when re- 
flection begins at c, let another 
jerk be imparted at a. The 
reflected pulse from c moving 
with the same velocity as this 
direct one from a, the foremost 
points of botli will arrive at the 
centre b (3) at the same moment. 
What must occur ? The hump 
a b wishes to ipove on to c, and 
to do so must move the point b 
to the right. The hump c b 
wishes to mpve towards a, and 
to do so must move the point b 
to the left. The point 6, urged 
by equJil force,^ in two opposite 
directions at the same time, will 
,not move in* either direction. 
Under these circumstances, the 
two halves ab, b c of the tube 
will oscillate as if they were m- 
dqpendent of each other (4). 


(1) (2) (3) (4) Thus by the combination of 


two progressive pulses^ the one 
direct and the other reflected, w^ produce two stationary 
pulses on the /.ube a c. • 



mDEB AND VENTRAL SEGMENTS. 03^ 

The vibrating parts a b and b c are called ventral seg^ 
menu ; the point of no vibration b is called a W)de. 

The term ‘ pulse ’ is here used advisedly, instead of 
the more usual term voave. For a wave embraces two of 
these pulses. It embraces both the hump and the depresj 

Vm. 38. 
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n a n , (I n n a 

(1) (2) (3) • (4) 05) (G) (7) 


sio*5i which follows the hump. The length of a wave, 
therefore, is twice that of a vefttral segment. 

Suppose the jerks to be so .timed as to cause each 
hump to be one third of the tube’s length. At the end 
of one-third of a second ffom starting the pulse will be in 
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the position a 6 (l),fig. 38 (previous page). In two-thirds of 
a second it will have reached the position h b' (2), fig. 38. At 
this moment let a new pulse be started at a ; after the lapse 
of an entire second from the commencement we shall have 
jwo humps upon the tube, one occupying the position 
a h (3), the other the position V c (3). It is here manifest 
that the end of the reflected pulse from c, and the end of 
th/^ direct one from a, will reach the point V at the same 
moment. We shall therefore have the state of things re- 
presented in (4), where h V wishes to move upwards, and 
c V to move downwards. The action of both upon the 
point U being in opposite directions, that point will re- 
main fixed. And from it^ as if it were a fixed 'paint, the 
pulse h V will he reflected, while the segment V c luill 
oscillate as an independent string. Supposing that at 
the moment 6 6' (4) begins to be reflected Jit 6', we start 
another pulse from a, it will reach 6 (5) at the same mo- 
ment the pulse reflected from 6' reaches it. The pulses 
will neutralise each other at b, and we shall have there a 
second node. Thus, by properly timifjg our jerks, we 
divide the rope into three ventral segments, separated 
from each other hy two nodal points. As long as the 
agitation continues the tube will vibrate as in (6). 

There is no theoretic limit to the number of nodes 
and ventral segments that maybe thus produced. By, the 
quickening of the impulses, »the tube is'^ divided into four 
Ventral segments separated by three nodes ; quickening 
still more we have five vfentral segments and four nodes. 
With this particular tube the hand may be caused to 
vibrate sufficiently quick to produce ten ventral segments, 
as shown in fig. 38 (7). When the stretching force ^‘is 
constant, the number of vehtral segments is proportional 
to the rapidity of the hand’s vibration. To produce 
2, 3, 4, 10 ventral segments requires twice, three times, 
four times, ten times the rapidity of vibration necessary 
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to make the tube swing as a whole. When the vibration 
is very rapid the.. ventral segments appear like a series of 
shadowy spindles, separated from each other by dark mo- 
tionless nodes. The experiment is a beautiful one, and 
it is easily performed. ^ 

If, instead of moving the hand to and fro, it be caused 
to describe a small circle, the ventral segments become 
‘ surfaces of revolution.’ Instead of the hand, moreov^, 
we may employ a hook turned by a whirling-table. Before 
you is a cord more rigid than the india-rubber tube, 25 
feet long, with one of its ends attached to a freely-moving 
swivel fixed in the ceiling of the room. By turning the 
whirling-table to which the other end is attached, this 
cord may be divided into as many as 20 ventral segments, 
separated from each other by their appropriate nodes. In 
another arrangement a string of catgut 12 feet long, 
with silvered beads strung along it, is stretched hori- 
zontally between a vertical wheel and a free swivel fixed 
in a rigid stand. On turning the wheel, and properly 
regulating both the tension and the rapidity of rotation, 
the beaded cord may be caused to rotate as a whole, and 
to divide itself successively into 2, 3, ^ or 5 ventral seg- 
ments. When we bnvelop the cord in a luminous beam, 
every spot of light on every berii describes a brilliant 
circle, and a very beautiful experiment is the result. 

* i 

§ 4. Mechanical Illustrations of damping various ^ 
points of Vibratmg Cord. 

The subject of stationary waves was first experimen- 
tally treated by the Alessrs. Weber, in their excellent re- 
searches on Wave-motion, published in the ‘ Wellenlehre.’ 
It is a subject which will well repay your attention by 
rendering many of the most difficult phengmena of musical 
strings perfectly intelligible. The connection of both 
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classes of vibrations will be more obvious if we vary our 
last experiments. Before you is a piece of india-rubber 
tubing, 10 or 12 feet long, stretched from c to a, fig, 39, 
and made fast to two pins at c and a. The tube is black- 
eped, and behind it is placed a surface of white paper, to 

Fkk 39. 
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(1) (2) (3) (1)- (6) 

render its. motions more visible. Encircling the tube at 
its centre 6(1) by the thumb and fore-finger of rny left 
hand, and taking the middle of the lower half h a of the 
tube in my right; I pluck it aside. Not only does the 
lower half swing, but the upper 'half also is thrown into 
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vibration. Withdrawing the hands wholly from the tube, 
its two halves a b and b c continue to vibrate, being 
separated from each other by a node b at the centre (2). 

I now encircle the tube at a point b (3) one-third of 
its length from its lower end a, and taking hold of a 6 at 
its centre, pluck it aside ; the length b c above my hand 
instantly divides into two vibrating segments. With- 
drawing the hands wholly, you see the entire tube divided^ 
into three ventral segments, separated from each other by 
two motionless nodes b and 6' (4). I pass on to the point 
b (5), which marks off one-fourth oi the length of the 
tube, encircle it, and pluck the shorter segment aside. 
The longer segment above my hand divides itself imme- 
diately into three vibrating parts. So that, on withdraw- 
ing the hand, the whole tube appears before you divided 
into four ventral segments, separated from each other by 
three nbdes b V b" (6). In precisely the same way the 
tube may be divided into five vibrating segments with 
four nodes. 

This sudden division of the long upper segment of the 
tube, without any apparent cause, is very surprising ; but 
if you grant me your attention for a moment, you will find 
that these experiments are essentially similar to those 
which illustrated the coalescence of direct and reflected 
undulations. Reyerting for a moment to the latter (p. 
92), you observed that the to-and-fro motion of the hand 
through the space of a single inch was sufficient to make 
the middle points of the ventral segments vibrate through 
a foot or eighteen inches. By being properly timed the 
impulses accumulated, unlil the amplitude of the vibrat- 
ing segments exceeded immensely that of the hand which 
produced them. The hand, in^ fact, constituted a nodal 
point, so small was its comparative, motion. Indeed, it is 
usual, and corrfect, to regard the ends of the tube also as 
nodal points. * 


H 
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Consider now the case represented in (1) fig. 39, where 
the tube was encircled at its middle, the lower segment 
a b being thrown into the vibration corresponding to its 
length and tension. The circle formed by the finger and 
thumb permitted the tube to oscillate at the point b 
through the space of an inch ; and the vibrations at that 
point acted upon the upper half b c exactly as my hand 
^cted when it caused the tube suspended from the ceiling 
to swing as a whole, as in fig. 35. Instead of the timed 
vibrations of* the hand, we have now the timed vibrations 
of the lower half of^the tube ; and these, though narrowed 
to an inch at the placfe clasped by the finger and thumb, 
soon accumulate, and finally produce an amplitude, in the 
upper half, far exceeding their own. The same reasoning 
applies to all the other cases of subdivision. If, instead of 
encircling a point by the finger and thumb and plucking 
the portion of the tube below it, that same potnt were 
taken hold of by the hand and agitated in the period 
proper to the lower segment of the tube, precisely the 
same effect would be produced. We thus reduce both 
effects to one and the same cause ; namely, the combina- 
tion of direct and reflected undulations. 

And here, let me add, that when the tube was divided 
by the timed iinpulsdfe of the hand, not one of its nodes 
was, strictly speaking, a point of no motion ; for were the 
nodes not capable of vibi^ating through a very small am- 
plitude, the motion of the various segments of the tube 
could not be maintained. 

§ 5. Stationary ^Vater-waves. 

What is tifue of the^ undulations of an india-rubber 
tube applies to all undulations whatsoever. Water-waves, 
for example, obey thS same laws, and the coalescence 
of direct and reflected waves exhibit similar phenomena. 
This long j^nd narrow vessel with gjass sides, fig. 40, is a 
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copy of the wave canal of the brothers Weber. It is filled 
to the level A B with coloured water. By tilting the end 
A suddenly, a wave is generated, which moves on to b, and 
is there reflected. By sending forth fresh waves at the 
proper intervals, the surface is divided into two stationary 
undulations. Making the succession of impulses more 
rapid we can subdivide the surface into three, four (shown 
in the figure), or more stationary undulations, separated " 
from each other by nodes. The step of a water-carrier is 
sometimes so timed as to throw the surface of the water in 
his vessel into stationary waves, which may augment in 
height until the water splashes over the brim. Practice 

Fio. 40. 



has taught the watS'-carrier what to do ; he changes his 
step, alters the period of his impulses, and thus stops the 
accumulation of the motion. • 

While travelling, some years ago,^ in the coupe of a 
French railway carriage I had occasion to place a bottle 
half i^Jled with water on one of the little coupe tables. 
My companion observed it with* thoughtful interest. At 
times it would be quite still ; at times it would oscillate 
violently. To the passenger within the carriage there 
was no sensible change in the motion of the train to which 
the difference could be ascribed. But in the one case the 
trenior of the carriage contained no vibrations synclyronous 
with the oscillating period of flie water, while in the 
other case such vibrations were -present. Out of the 

confused assemblage of tremors the watei* selected the 

• 

' In compiyiy with Mr. Thomas Carlyle. 
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particular constituent which belonged to itself, and de- 
clared its presence when the traveller was utterly uncon- 
scious of its introduction. 


§ 6. Application of Mechanical Illustrations to 
Musical Strings. 

From these comparatively gross, but by no means 
unbeautiful, mechanical vibrations, we pass to those of a 
sounding string. In the experiments with our monochord, 
when the wire was 4)0 be shortened, a movable bridge was 
employed, against which the wire was pressed so as to 
deprive the point resting on the bridge of all possibility 
of motion. This strong pressure, however, is not neces- 
sary. Placing the feather end of a goose-quill lightly 
against the middle of the string, and drawing a violin bow 
over one of its halves, the string yields the octave of the 
note yielded by the whole string. The mere damping of 
the string at the centre, by the light touch of the feather, 
is suflBclent to cause the string to divide into two vibrating 
segments. Nor is it necessary to hold the feather there 
throughout the* experiment: after having drawn the bow, 
the feather may be removed ; the string will continue to 
vibrate, emitting the same note as before. We have here 
a case exactly analogous to that in which the central point 
of our stretched india-rubber tube was damped, by encir- 
cling it with the fing^ and thumb as in fig. 39 (1). Not 
only did the half plucked aside vibrate, but the other half 
vibrated also. We can, in ^ct, reproduce, with the 
vibrating string, every effect obtained with the jtube. 
This, however^ is a point^of such importance as to demand 
full experimental illustration. 

To prove that wKen the centre is damped, and the 
bow drawn across one of the ^alves of the string, the other 
half vibrates, I place across the mi^Jdle of the untouched 
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half a little rider of red paper. * Damping the centre and 
drawing the bow, the string shivers, and the rider is over- 
thrown, fig. 41. 

When the string is damped at a point which cuts off 
one-third of its length, and the bow drawn across the 


Fig. 41. 



shorter section, not only is this section thereby thrown 
into vibration, but the longer section divides itself into 
two ventral segments with a node between them. This is 
proved by placing small riders of red paper on Ihe.ventral 

Fig. 42. 



segments, and a rider of blue paper at the node. Passing 
the bow across the short segment you observe a fluttering 
of the red riders, and now they are completely tossed off, 
while the blue rider which grosses the node is undisturbed, 
fig. 42. 
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Damping the string at* the end of one-fourth of its 
length, the bow is drawn across the shorter section ; the 
remaining three-fourths divide themselves into three 
ventral segments, with two nodes between them. This is 
proved by the unhorsing of the three riders placed astride 



the ventral segments, the two at the nodes keeping their 
places undisturbed, fig. 43. 

Finally, damping the string at the end of one-fifth of 
its length, and arranging, as before, the red riders on the 



ventral segments and t|je blue ones on the nodes ; by a 
single sweep of the bow the four red riders are unhorsed, 
and the three blue ones left undisturbed, fig. 44. In this 
way we perform with a sounding string the same series of 
experiments that were formerly executed with a stretched 


DIVISION REVEALED BY RIDERS. 103 

india-rubber tube, the results in both cases being iden- 
tical.^ 

To make, if possible, this identity still more evident to 
you, a stout steel wire 28 feet in length is stretched behind 
the table from side to side of the room. I take the central 
point of this wire between my finger and thumb, and allow 
my assistant to pluck one-half of it aside. It vibrates, and 
the vibrations transmitted to the other half are sufficiently* 
powerful to toss into the air a large sheet of paper placed 
astride the wire. With this long wire, and with riders 
not of one-eighth of a square inch, but of 30, 40, or 50 
square inches in area, we may repeat all the experiments 
which you have witnessed with the musical string. The 
sheets of paper placed across the nodes remain always in 
tbeir places, whilst those placed astride the ventral seg- 
ments are tossed simultaneously into the air when the 
shorter segment of the wire is set in vibration. In this, 
case, when close to it, you can actually see the division of 
the wire. 


§ 7. Melde's ExpeHments. 

It is now time tJb introduce to your notice some 
recent experiments on vibrating strings, which appeal to 
the eye with a beauty and a delicacy far surpassing any- 
thing attainable with our monochord. To M. Melde, of 
Marburg, we are indebted for this new method of ex- 
hibiting the vibrations of strings. • The scale of the ex- 
periments will be here modified so as to suit our circum- 
stances. 

First, then, you observe here a large tuning-fork T, 

■» . 

’ Chlftdni remarks {Akustik, p. bb) that it is usual to ascribe to 
Sauveur the discovery, in 1701, of the modes of vibration corresponding to 
the higher tones of strings ; but that Noble and Pigott*had made the dis- 
covery in Oxford in 1676, and tha^ Sauveur declined the honour of the 
discovery when he found thiLt others had made the dbservalion before him. 



104 


LECTURE III. 


fig. 45, with a small screw fixed into the top of one of its 
prongs, by which a silk string can be firmly attached to 
the prong. From the fork the string passes round a dis- 
tant peg P, by turning which it may be stretched to any 
required extent. When the bow is drawn across the fork, 
an irregular flutter of the string is the only result. On 
tightening it, however, when at the proper tension it 
e'xpands into a beautiful gauzy spindle six feet long, more 
than six inches across at its widest part, and shining with 
a kind of pearly lustre. The stretching force at the pre- 

Fig. 45. 



sent moment is such that the string swings to and fro as 
a whole, its vibrations^ being executed in a vertical plane. 

Kelaxing the string gradually, when the proper tension 
has been reached, it suddenly divides into two ventral 
% segments, separated from each other by a sharply-defined 
and apparently inotionfess node. 

While the fork continues vibrating, if the string be 
relaxed still further, it divides into three vibrating parts. 
Slackening it still more, it divides into four vibrating 
parts. ^And thus we might continue to subdivide the 
gtring into ten, or even twenty ventral segments, sepa- 
rated from eqph . other by the appropriate number of 
nodes. • 

When whije silk strings vibrate fiius, the nodes appear 
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perfectly fixed, while the ventral segments form spindles 
of the most delicate beauty. Every protuberance of the 
twisted string, moreover, writes its motion in a more or 


Fig. 46. 



less luminous line on the surface of the aerial gauze. 
The four modes of vibration just illustrated are represented 
in fig. 46, 1, 2, ^, 4.^ 

* The first experiment really made in the lecture was with a bar of 
steel 62 inches long, inch wide, and half an incluthick, bent into the shape 
of a tuning-fork, with its l)rongs 2 inches apart, and supported on a heavy 
stand. The cord attached to it was 9 feet l^ng and a quarter of an inch 
thick. The prongs were thrown into vibration by striking them briskly 
with«two pieces of lead covered with pads and held one in each hand. Tlie 
prongs vibrated transversely to the cqrd. The vibrations produced by a 
single stroke were sufficient to carry the cord through several of its sub- 
divisions and back to a single ventral segment. That is to say, by striking 
the prongs and causing the cord to vibrate as a whole, it CQuld, by relaxing 
the tension, be caused to divide into two, three, or four vibrating segments ; 
and then, by increasing the tonsion, to pass back through four, three, ^nd 
tw 9 divisions, to one, without renewing the agitation of the prongs. The 
cord was of such a character that, instead of oscillating to and fro in the 
same plane, each of its points described a circle. ^I'he ventral segments, 
therefore, instead of being flat surfaces, were surfaces of revolution, and 
were equally well seen from all parts of the room. The tuning-forks 
employed in the subsequent illustrations were prepared for me by that ex- 
cellent acoustic mechanician, K#nig, of Paris, being such as are usually 
employed in the projectidn of Lissajous* experiments. « 
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When the synchronism between fork aind string is 
perfect, the vibrations of the string are steady and long- 
continued. A slight departure from synchronism, how- 
ever, introduces unsteadiness, and the ventral segments, 
though they may show themselves for a time, quickly 
disappear. 

In the experiments just executed, the fork vibrated in 
the direction of the length of the string. Every forward 
stroke of the fork raised a protuberance, which ran to the 
fixed end of the string, and was there reflected ; so that 
when the longitudinoA impulses were properly timed they 
produced a transverse vibration. Let us consider this 
further. One end of this heavy cord is attached to a 


Fig. 47 . 



hook A, fig. 47, fiked in the wall. ©Laying hold of the 
other end I stretch the^ cord horizontally, and then move 
my hand to and fro in the direction of the cord. It swings 
as a whole, and you may notice that alwg,ys, when the cord 
is at the limit of its swing, the hand is in its most forward 
position. If it vibrate jn a vertical plane, the hand, in 
order to time the impulses properly, must be at its for- 
ward limit I at the moment the oord reaches the upper 
boundary a, and also at the moment it reaches the lower 
boundary®' of itii excursion^ A little reflection will make 
it plain that, in order to accomplish this, the hand must 
execute a complete vibration while the cor^ executes a 
semi-vibration ; in other words, ^e vibrations of the hand 
must be twict^as rapid as those of the ^ord. 
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Precisely the same is true of our tuning-fork. When 
the fork vibrates in the direction of the string, the number 
of vibrations which it executes in a certain time is twice 
the nunaber executed by the string itself. And if, while 
arranged thus, a fork and string vibrate with sufficient 
rapidity to produce musical notes, the note of the fork 
will be an octave above that of the string. 

But if, instead of the hand being moved to and fr<9ln 
the direction of this heavy cord, it is moved at right angles 
to that direction, then every upward movement of the 
hand coincides with an upward movement of the cord ; - 
every downward movement of the hand with a downward 
movement of the cord. In fact, the vibrations of hand 
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and string, in this case, synchronise perfectly ; and if the 
hand could emit a ^musical note, the** cord would emit a 
note of the same pitch. The sapae holds good when a 
vibrating fork is substituted for the vibrating hand. 

"Hence, if the sjbring vibrate as a whole when the vibra- 
tions of the fork are along it, it will divide into two ven- 
tral segments when the vibration/? are across it ; or, more 
generally expressed, preserving the tension constant, what- 
ever be the number of central segments produced by the 
fork when its vibrations are in the direction of the string, 
twice that number will be produced when the vibrations 
are transverse to the string. The string a b, for example, 
figs. 48 and 49, passing over a pulley b, is stretched by a 
definite weight (not sh(^wn in the figure). When the 
tuning-fork vibratas aloTig it, as in fig. 48, the string 
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divides into two equal ventral segments. When the fork 
is turned so that it shall vibrate at right angles to the 
string, fig. 49, the number of ventral segments is four, or 
double the former number. Attaching two strings of the 
fiame length to the same fork, the one parallel and the 
Other perpendicular to the direction of vibration, and 
stretching both with equal weights; when the fork is 
caused to vibrate, one of them divides itself into twice the 
number of ventral segments exhibited by the other. 

A number of exquisite effects may be obtained with 
these vibrating cords.' The path described by any point 
of any one of them may be studied, after the manner of 


Fig. 49. 



Dr. Youn^, by illuminating that point, and watching the 
line of light which it describes. This is w'ell illustrated 
by a flat burnished silver wire, twisted so as to form a 
spiral surface, from which, at regular intervals, the light 
flashes when the wire is illuminated. When the vibration 
is steady the luminous spots describe , straight lines’ of 
sjinlike brilliancy. On slackening the wire, but not so 
much as to produce its next higher subdivision, upon the 
larger motion of the wire are superposed a host of minor 
motions, the combination of all producing scrolls of mar^ 
vellbus complication and of indescribable beauty. 

In reflecting ton the b^t means of rendering these 
effects visible, the thought occurred to me of employing a 
fine platiniim wire heated to redness by an electric current. 
Such a wire now stretches from actuning-fork over a bridge 
of copper, and then passes round a* peg. The copper 
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bridge on the one hand and the tuning-fork on the other 
are the poles of a voltaic battery, from which a current 
passes through the wire and causes it to glow. On draw- 
ing the bow across the fork, the wire vibrates as a whole ; 
its two ends are brilliant, while its middle is dark, being, 
chilled by its rapid passage through the air. Thus you 
have a shading-oiOf of incandescence from the ends to the 
centre of the wire. On relaxing the tension, the T^re 
divides itself into two ventral segments : on relaxing still 
further, we obtain three; still further, and the wire divides 
into four ventral segments, separate^ from each other by 
three incandescent nodes. Eight and left from every node 
the incandescence shades away until it disappears. You 
notice also, when the wire settles into steady vibration, 
that the nodes shine out with greater brilliancy than that 
possessed by the wire before the vibration commenced. 
The riMison is this. Electricity passes more freely along a 
Qold wire than along a hot one. When, therefore, the 
vibrating segments are chilled by their swift passage 
through the air, their conductivity is improved, more 
electricity passes through the vibrating than through the 
motionless wire, and hence the augmented glow of the 
nodes. If, previous" to the agitation of the fork, the wire 
be at a bright red heat, when it vibrates its nodes may be 
raised to the temperature of fusion. 


§ 8. ^ew Mode of determining* the Laws of Vibration. 

We may extend the experiments of M. Melde to the 
establishment of all the laws of vibrating strings. Here 
are four tuning-forks, which we may call a, 6, ci, whose 
rates of vibration are to each o^er as the numbers 1 , 2 , 4 , 8 . 
To the largest fork is attached a string, a, stretched by a 
weight, which causes it to vibrate as a whole. Keeping 
the stretching weight the same, I determine the lengths 
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of the same string, which, when attached to the other 
three forks, 6, c, d, swing as a whole. The lengths in the!» 
four respective cases are as the numbers 8, 4, 2, 1. 

From this follows the first law of vibration, already 
established (p. 88) by another method, viz i-^r-the length 
of the string is inversely ^proportional to the rapidity 
of vibration.^ 

««vln this case the longest string vibrates as a whole when 
attached to the fork a. I now transfer the string to 6, 
still keeping it stretched by the same weight. It vibrates 
when h vibrates; but « how ? By dividing into two equal 
ventral segments. In this way alone can it accommodate 
itself to the swifter vibrating period of 6. Attached to c, 
the same string separates into four, while when attached 
to d it divides into eight ventral segments. The number 
of the ventral segments is proportional to the rapidity of 
vibration. It is evident that we have here, ina*m®re 
delicate form, a result which we have already established 
in the case of our india-rubber tube set in motion by the 
hand. It* is also plain that this result might be deduced 
theoretically from our first law. 

We may extend •the experiment. Here are two tuning- 
forks separated from each other by the musical interval 
called a fifth. Attaching a string to one of the forks, I 
stretch the string until it divides into two ventral segments : 
attached to the other fork,' and stretched by the same 
weight, it divides instantly into three segments when the 
fork is set in vibration. Now, to form the interval of a 
fifth, the vibrations of the one fork must be to those of 
thd other in the ratio of 2 : 3. Ttie division of the string, 
therefore, declares the interval. In the same way the 

' A string steeped in a solution of the sulphate of quinine, and illumi- 
nated by the violet rays of the efectric lamp, exhibits brilliant fluorescence. 
When the fork to which it is attached vibrates, the slrfog divides itself 
into a series of spindles, and separated fram each other by more intensely 
luminous nodes, splitting a light of the most debate greenish-blue. 
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division of the string in relation to all other musical inter- 
vals may be illustrated.' 

Again. Here are' two tuning-forks, a and 6, one of 
which (a) vibrates twice as rapidly as the other. A string 
of silk is attached to a, and stretched until it synchronises^ 
with the fork, and vibrates as a whole. Here is a second 
string of the same length, formed by laying four strands 
of the first one side by side. I attach this compowd 
thread to 6, and keeping the tension the same as in the 
last experiment, set b in vibration. The compound thread 
synchronises with 6, and swings as. a whole. Hence, as 
the fork b vibrates with half the rapidity of a, by quad- 
rupling the weight of the string we halve its rapidity of 
vibration. In the same simple way it might be proved 
that by augmenting the weight of the string nine times 
we reduce the number of its vibrations to one-third. We 
thtts demonstrate the law : — 

The rapidity of vibration is inversely proportional 
to the square root of the weight of the string. 

An instructive confirmation of this result is. thus ob- 
tained : — Attached to this tuning-fork is a silk string six 
feet long. Two feet of the string ar^ composed of four 
strands of the single thread, placed side by side, the re- 
maining four feet are a single thread. A stretching force 
is applied, which causes the string to divide into two 
ventral segments.* But how ^oes it divide ? Not at its 
centre, as is the case when the string is of uniform thick^ 
ness throughout, but at the precise point where the thick 
string terminates. This thick segment, two feet long, is 
now vibrating at the same rate as the thin segment four 
feet long, a result which follows by direct deduc^on from 
the two laws already established. 

Here again are two strings of the same length and 
• • 

* The subject of musical ii^^errals 'will be treated in a subsequent 
lecture. ^ 
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thickness. One of them is attached to the fork a, the 
other to the fork b, which vibrates with twice the rapidity 
of o. Stretched by a weight of 20 grains, the string 
attached to b vibrates as a whole. Substituting b for a, a 

r* 


Fig. 50. 
80 grain! 



weight of 80 grains causes the string to vibrate as a 
whole. cHence, to double the rapidity of vibration, we 
must quadruple the stretcliing weight. In the same way 
it might be proved, that to treble the rapidity of vibra- 
tion we should have to make the stretching 'weight nine*- 
folds From jthis it follows that* — 
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The rapidity of vibration ie proportional to the square 
root of the tension. 

Let us vary this experiment. This silk cord is carried 
from the tuning-fork over the pulley, and stretched by a 
weight of 80 grains. The string vibrates as a whole as ^ 
at A, fig. 50. By diminishing the weight the string is 
relaxed, and finally divides sharply into two ventral seg- 
ments, as at B, fig. 50. What is now the stretchi^ 
weight ? 20 grains, or one-fourth of the first. With a 

stretching weight of almost exactly 9 grains it divides into 
three segments, as at c ; while witl^ a stretching weight 
of 5 grains it divides into four segments, as at d. Thus, 
then, a tension of one-fourth doubles, a tension of one- 
ninth trebles, and a tension of one-sixteenth quadruples 
the number of ventral segments. In general terms, the 
number of segments is inversely proportional to the square 
roo^ of the tension. This result may be deduced by 
reasoning from the preceding laws, and its realisation 
here confirms their correctness. 

Thus, by a series of reasonings and experimei^ts totally 
different from those formerly employed, we arrive at the 
self-same laws. In science, different lines of reasoning 
often converge upod the same truth ; and if we only 
follow them faithfully, we are sure to reach that truth at 
last.^ We may emerge, and often do emerge, from our 
reasoning with a contradictio» in our hands ; but, on re- 
tracing our steps, we infallibly find the cause of the con-^ 
tradiction to be due, not to an^ lack of uniformity in 
nature, but of accuracy in man. 
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HARMONKJ SOU]!n)S OR OVERTONES. 

§ 9. Timbre; Klangfarhe\ Clang~tint. 

We now approach a portion of our subject which will 

subsequently prove to .be of the very highest importance. 

It has been shown by the most varied experiments 

*^hat a stretched string can either vibrate as a whole, or 

divide itself into n number of equal parts, each of which 

vibrates as an independent string. Now, it is not possible 

to sound the string as a whole without at the same time 

causing, to a greater or less extent, its subdivision ; that 

is to say, superposed upon the vibrations of the whole 

string we have always, in a greater or less degree, the 

vibrations of its aliquot parts. The higher notes produced 

by these latter vibrations are called the harmonics of the 

string. And so it is with other sounding bodies ; WeJ^ave 

in all cases a coexistence of vibrations. Higher tones 

mingle with the fundamental one, and it is their inter- 

mixture^which determines what, for want of a better 

term, we call the quality of the sound. The h>ench call 

it timbre, and the Germans call it Klangfarbe^ It is this 

union of high and low tones that enables us to distinguish 

one musical instrument from another. A clarionet and a 

violin, for example, though tuned to the same fundan^iental 

note, are not confounded the auxiliary tones of the one 

are different from those of the other, and these latter tones, 

• ^ 
uniting themselves to the fundamental tones of the two 

instruments, destroy the identity of the sounds. 

All bodies and instruments, then, employed for pro- 
ducing •musica^ sounds emit, besides their fundamental 
tones, others due to higher orders of vibration. The Ger- 
mans embrace all suchf sounds under the general term 

* ‘This quality* of sound, sometimes called its register, colour, or 
timbre.* — Thomas Young, Essay on MuMc, 
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Obertorie, I think it will be an advantage if we in Eng- 
land adopt the term overtones as the equivalent of the 
term employed in Germany. One has occasion to envy 
the power of the German language to adapt itself to 
requirements of this nature. The term Klangfarbe, for 
example, employed by Helmholtz is exceedingly expressive, 
and we need its equivalent also. Colour depends upon 
rapidity of vibration, blue light bearing Jbo red the sainA 
relation that a high tone does to a low onet A simple 
colour has but one rate of vibration, and it may be r^arded 
as the analogue of a simple tone in music. A tows,, then, 
may be defined as the product of a vibration which cannot 
be decomposed into more simple ones. A compound 
colour, on the contrary, is produced by the admixture of 
two or more simple ones ; and an assemblage of tones, such 
as we obtain when the fundamental tone and the harmonics 
of jwsfiring sound together, is called by the Germans a 
Klang. May we not employ the English word clang to 
denote the same thing, and thus give the term a precise 
scientific meaning akin to its popular one ? And may we 
not, like Helmholtz, add the word colour or tint^ to denote 
the character of the clang, using the term clang^iint as 
the equivalent of Klangfarbe ? 

With your permission I shall hehceforth employ these 
terim; and it now becomes our duty to look a little 
more closely than we have hftherto done into the sub- 
division of a string into its harmonic segments. Our^ 
monochord with its stretched wire is before you. The 
scale of the instrument is divided into 100 equal parts. 
At the middle point of t£e wire stands the number 50 ; at 
a point almost exactly one-third of its length from its 
end stands the number 33 ; \^ile at distances equal to 
one-fourth and one-fifth of its length from its end stand 
the numbers i5 and 20 respectively. These numbers are 
suflScient for our presentf purpose. When^ the wire is 
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plucked at 50 you hear its clang, rather hollow and dull. 
When plucked at 33, the clang is diflferent. When 
plucked at 25, the clang is diflferent from either of the 
former. As we retreat from the centre of the string, the 
i clang-tint becomes more ^ brilliant,’ the sound more brisk 
and sharp. What is the reason of these differences in the 
sound of the same wire ? 

The celebrated Thomas Young, once professor in this 
Institution, enables us to solve the question. He proved 
that when any point of a string is plucked, all the higher 
tones which require that point for a node vanish from 
the clang. Let me illustrate this experimentally. I pluck 
the point 50, and permit the string to sound. It may be 
proved that the first overtone, which corresponds to a divi^- 
«ion of the string into two vibrating parts, is now absent 
from the clang. If it were present, the damping of the 
point 50 would not interfere with it, for this poinit would 
he its node. But on damping the point 50 the fundamen- 
tal tone is quenched, and no octave of that tone is heard. 
Along with the octave its whole progeny of overtones, 
with rates of vibration four times, six times, eight times 
— all even numkers of times — the rate of the funda- 
mental tone, disappear from the clang. All these tones 
require that a node should exist at the centre, where, 
according to the principle of Young, it cannot new be 
formed. Let us pluck some other point, say 25, and 
Mamp 50 as before. The fundamental tone is now gone, 
but its octave, clear and full, rings in your ears. The 
point 50 in this case not being^ the one plucked, a node 
can form there ; it has formed, and the two halves of the 
string cpntinue to vibrate after the vibrations of the string 
as a whole have been extinguished. Plucking the point 
33, the second harmonic or overtone is absent from the 
clang. This is proved by damping the point 33. If 
the second harmonic were on \he string this would not 
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affect it, for 33 is its node. The fundamental is quenched, 
but no tone corresponding to a division of the string into 
three vibrating parts is now heard. The tone is not 
heard because it was never there. 

All the* overtones which depend on this division, those 
with six times, nine times, twelve times the rate of 
vibration of the fundamental one, are also withdrawn from 
the clang. Let us now pluck 20, damping 33 as before 
The second harmonic is not extinguished, but continues 
to sound clearly and fully after the extinction of the fun- 
mental tone. In this case the point 33 not being that 
plucked, a node can form there, and the string can divide 
itself into three parts accordingly. In like manner, if 25 
be plucked and then damped; the third harmonic is not 
heard; but when a point between 25 and the end of 
the wire is plucked, and the point 25 damped, the third 
harnfohic is plainly heard. And thus we might proceed, 
the general rule enunciated by Young, and illustrated by 
these experiments„being, that when any point of a string 
is plucked or struck, or, as Helmholtz adds, agitaffed with 
a bow, the harmonic which requires that point for a node 
vanishes from the general clang of the sfring. 


§ JO. Mingling of Overtones with FtvndamentaL 
The Eolian^Harp. 

You are now in a condition to estimate the influence 
which these higher vibrations must have upon the quality 
of the tone emitted by th% string. The sounds which ring 
in your ears so plainly after the fundamental tone is 
quenched mingled with that j^ote before it was-* extin- 
guished. It seems strange that tones of such power could 
be so masked by the fundamental, that even the disci- 
plined ear of a musician is i^nable to separate the one from 
the other. But Helmholtz has shown that this is due to 
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want of practice and attention. The musician’s faculties 
were never exercised in this direction. There are nume- 
rous effects which the musician can distinguish, because 
his art demands the habit of distinguishing them. But it 
is no necessity of his art to resolve the clang of an instru- 
ment into its constituent tones. By attention, however, 
even the unaided ear can accomplish this, particularly if 
Rxe mind be informed beforehand what the ear has to 
bend itself to find. 

And this reminds me of an occurrence which took place 
in this room at the beginning of my acquaintance with 
Faraday. I wished to show him a peculiar action of an 
electrc>-magnet upon a crystal. Everything was arranged, 
when just before the magnet was excited he laid his hand 
upon my arm and asked, ^ What am I to look for ? ’ Amid 
the assemblage of impressions connected with an ^experi- 
ment, even this prince of experimenters felt the advantage 
of having his attention directed to the special point to be 
illustrated. Such help is the more needed when we at- 
tempt t8 resolve into its constituent parts an efiect so 
intimately blended as the composite tones of a clang. 
When we desire \o isolate a particular tone, one way of 
helping the attention is to sound that tone feebly on a 
string of the proper length. Thus prepared, the ear 
glides more readily from the single tone to that <Jf the 
*,same pitch in a composite clang, and detaches it more 
readily from its companions. In the experiments executed 
a moment ago, where our aim in each respective case was 
to bring out the higher tone of the string in all its power, 
we entirely extinguished its fundamental tone. It may, 
howevefif, be enfeebled without being destroyed. I pluck 
this string at 33, and lay the feather lightly for a moment 
on the string at 50. I'he fundamental tope is thereby so 
much lowered that its octave c^n make itself plainly heard. 
By again torching the string at 50, ^he fundamental tone 



THE CLANG OF PIANO WIRES. 


119 


is lowered still more; so that now its first harmonic is 
more powerful than itself. You hear the sound of both, 
and you might have heard them in the first instance by a 
sufficient stretch of attention. 

The harmonics of a string may be augmented or sub- * 
dued within wide limits. They may, as we have seen, be 
masked by the fundamental tone, and they may also effec- 
tually mask it. A stroke with a hard body is favourable, 
while a stroke with a soft body is unfavourable to their 
development. They depend, moreover, on the promptness 
with which the body striking the string retreats after 
striking. Thus they are influenced by the weight and 
elasticity of the hammeis in the pianoforte. They also 
depend upon the place at which the shock is imparted. 
When, for example, a string is struck in^ the centre, the 
harmqjiics are less powerful than when it is struck nea 
one end. 

Helmholtz, who is equally eminent as a mathematician 
and as an experimental philosopher, has calculated the 
theoretic intensity of the harmonics developed hi various 
ways ; that is to say, the actual via viva or energy of the 
vibration, irrespective of its effects upon^the ear. A single 
example given by him will suffice tq^illustrate this subject. 
Calling the intensity of the fundamental tone, in each 
case, 100, that of the second harmonic, when the string 
was simply pulled aside at a point -^th of its length from 
its end and then liberated, was fownd to be 56*1, or a little 
better than one-half. When the string was struck with 
the hammer of a pianoforte, whose contact with the string 
endured for ^ths of the period of vibration of the funda- 
mental tone, the intensity of. the &ame#tone was 9. In 
this case the second harmonic was nearly quenched. 
When, however, the duration of contact was diminished to 
•/^ths of the period of the fundamental, the intensity of the 
harmonic rose to 3S7; while, when the striijg was sharply' 
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struck with a very hard hammer, the Intensity mounted to 
505, or to more than quintuple that of the fundamental 
tone,’* Pianoforte manufacturers have found that the most 
pleasing tone is excited by the middle strings of their 
'^ instruments, when the point against which the hammer 
strikes is from -i^th to ^th of the length of the wire from 
its extremity. 

Why should this be the case ? Helmholtz has given 
the answer. Up to the tones which require these points 
as nodes the overtones all form chords with the funda- 
mental ; but the sixth and eighth overtones of the wire do 
not enter into such chords ; they are dissonant tones, and 
hence the desirability of doing away with them. This is 
accomplished by making the point at which a node is re- 
quired that on which the hammer falls. The possibility 
of the tone forming is thereby shut out, and its injurious 
effect is avoided. 

The strings of the Eolian harp are divided into har- 
monic parts by a current of air passing over them. The 
instrument is usually placed in a window between the sash 
and frame, so as to leave no way open to the entrance of 
the air except over the strings. Sir^ Charles Wheatstone 
recommends the stret(^hing of a first violin string at the 
bottom of a door which does not closely fit. When the 
door is shut, the current of ^air entering beneath sets the 
i^tring in vibration, and when a fire is in the room, the vi- 
brations are so intense that a great variety of sounds are 
simultaneously produced.^ A gentleman in Easel once 
constructed with iron wires a large instrument which he 
called the weather-harp or giant-harp, and which, accord- 
ing to its makerf* sounded ns the weather changed. Its 

* Lehrevon den Tonempfindungen, p. 135. r 

The action of such a string is substantially the same as that of the 
syren. The string renders intermittent the current of air. Its action also 
resembles that of See Lecture V, * ^ 
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sounds were also said to be evoked by changes of terrestrial 
magnetism. Chladni pointed out the error of these 
notions, and reduced the action of the instrument to that 
of the wind upon its strings. 

§ 11. Young^s Optical Illustrations. 

Finally, with regard to the vibrations of a wire, the 
experiments of Dr. Young, who was the first to employ 
optical methods in such experiments, must be mentioned. 
He allowed a sheet of sunlight to cross a pianoforte wire, 
and obtained thus a brilliant dot. Striking the wire he 
caused it to vibrate, the dot described a luminous line like 

Fig. 51. 


that produced by the whirling of a burning coal in the air, 
and the form of this line revealed the character of the vi- 
bration. It was rendered manifest by these experiments 
that ^he oscillations of the w^re were not confined to a 
single plane, but that it described in its vibrations curves* 
of greater or less complexity. Superposed upon the vi- 
bration of the whole string were partial vibrations, which 
revealed themselves as loops and sinuosities. Some of the 
lines observed by Dr. Young are given in fig. 51. Every 
one of these figures corresponds to a distinct impression 
made by the wire upon the surrounding air. The form of 
the sonorous wgive is affected by these sugerposed vibra- 
tions, and thus they influej^ce the clang-tint or quality of 
the sound 
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SUMMARY OP LECTURE III. 

The amount of motion communicated by a vibrating 
string to the air is too small to be perceived as sound, 
even at a small distance from the string. 

When a broad surface vibrates in air, condensations 
and rarefactions are more readily formed than when the 
vibrating body is of small dimensions like a string. 
Hence, when strings are employed as sources of musical 
sounds, they are associated with surfaces of larger area 
which take up their vibrations, and transfer them to the 
surrounding air. 

Thus the tone of a harp, a piano, a guitar, or a violin, 
depends mainly upon the sound-board of the instrument. 

The •following four laws regulate the vibrations of 
strings : — The rate of vibration is inversely proportional to 
the length ; it is inversely proportional to the diameter ; 
it is directly proportional to the square root of the stretch- 
ing weight or tension ; and it is inversely proportional to 
the square root of the density of the string. ^ 

When strings of the same length and tension but of 
different diameters an(J densities are compared, the law is 
that the rate of vibration is inversely proportional to the 
square root of the weight of the gtring. 

When a stretched rope, or an india-rubber tube filled 
with sand, with^one of its ends attached to a fixed object, 
receives a jerk at the other end, the protuberance raised 
upon the tube runs along it as a pulse to its fixed end, 
and, being theie reflected, returns to the hand by which 
the jerk wa% imparted. 



SUMMARY. 


m 


The time re^uiyed for the pulse to travel from the 
hand to the fixed end of the tube and back is that re- 
quired by the whole tube to execute a complete vibration. 

When a series of pulses are sent in succession along 
the tube, the direct and reflected pulses meet, and by their"^ 
coalescence divide tbe tube into a series of vibrating parts, 
called ventral segments^ which are separated from eagh 
other by points of apparent rest called nodes. ^ 

The number of ventral segments is directly pro- 
portional to the rate of vibration at the free end of the 
tube. 

The hand which produces these vibrations may move 
through less than an inch of space ; while by the accumu- 
lation of its impulses the amplitude of the ventral seg- 
ments may amount to several inches, or even to several 
feet.^ 

If an india-rubber tube, fixed at both ends, be encircled 
at its centre by the finger and thumb, when either of its 
halves is pulled aisidc and liberated, both halves are thrown 
into a state of vibration. 

If the tube be encircled at a point one-third, one-fourth, 
or one-fifth of its length from one of its ends, on pulling 
the shorter segment aside and liberating it, the longer 
segment divides itself into two, three, or four vibrating 
parts, separated from each other by nodes. 

The number of vibrating segments depends upon thg 
rate of vibration at the point encircled by the finger and 
thumb. 

Here also the amplitude of vibration at the place en- 
circled by the finger and thumb may not be more than a 
fraction of an inch, while the amplitude of tht? ventral 
segments may amount to several inches. 

A musicahstring damped by a feather jat a point one- 
half, one-third, one-fourtji, one-fifth, &c., of its length 
from one of its endsf and having its shorty segments agi- 
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tated, divides itself exactly like the india-rubber tube. 
Its divisions may be rendered apparent by placing little 
paper riders across it. Those placed at the ventral seg- 
ments are thrown off, while those placed at the nodes re- 
Itain their places. 

The notes corresponding to the division of a string 
into its aliquot parts are called the harmonics of the 
stfing. 

When a string vibrates as a whole, it usually divides at 
the same time into its aliquot parts. Smaller vibrations 
are superposed upon the larger, the tones corresponding to 
those smaller vibrations, and which we have agreed to call 
overtones, mingling at the same time with the fundamen- 
tal tone of the string. 

The addition of these overtones to the fundamental tone 
determines the timbre or quality of the sound, or,^as we 
have agreed to call it, the clang-tint. 

It is the addition of such overtones to fundamental 
tones of the same pitch which enables us to distinguish 
the sound of a clarionet from that of a flute, and the 
sound of a violin from both. Could the pure fundamental 
tones of these instruments be detached, they would 
be undistinguishable jf^om each other ; but the different 
admixture of overtones in the different instruments 
renders their clang-tints diverse, and therefore distinguish- 
able. 

Instead of the heavy india-rubber tube in the experi- 
ment above referred to, we may employ light silk strings, 
and, instead of the vibrating hand, we may employ vibrat- 
ing tuning-forks, and cause the strings to swing as a whole, 
or to divide themselves into any number of ventral seg- 
ments. Effects of great beauty are thus obtained, and by 
experiments of this character all the laws of vibrating 
strings may be demonstrated, c 

When a streifchcd string is plucked aside or agitated 
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by a bow, all the overtones which require the agitated 
point for a node vanish from the sound of the string. 

The point struck by the hammer of a piano is from 
one-seventh to one-ninth of the length of a string from 
its end : by striking this point, the notes which require it^ 
as a node cannot be produced, a source of dissonance being 
thus avoided. 
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LECTURE IV. 

TRANSVERSE VIBRATIONS OF A ROD FIXED AT BOTH ENDS I ITS SUBDIVISIONS 
AND CORRF^ONDINO OVERTONES -VIBRATIONS OF A ROD FIXED AT ONE 
END— THE KALBIDOPHONE— THE IRON FIDDLE AND MUSICAL BOX— VIBRA- 
TIONS OF A ROD FREE AT BOTH ENOS — THE CLAQUFBOIS AND GLASS 
HARMONICA — VIBRATIONS OF A TUNING-FORK : ITS SUBDIVISION AND OVER- 
TONES— VIBRATIONS OF SQUARE PLAT! S—CHLADN1*S DISCOVERIES— wheat- 
stone’s ANALYSIS OF THE VIBRATIONS OP PLATES — CHLADNi’s FIGURES — 
VIBRATIONS OF DISCS AND BELLS — EXPERIMENTS OF FARADAY AND 
6TREHLKE. 

§ 1. Transverse Vibrations of a Rod fixed at both ends. 

O UE last lecture was devoted to the transverse vibra- 
tions of strings. This one I propose devoting to the 
transverse vibrations of rods, plates, and bells, commen- 
cing with the case of a rod fixed at both ends. Its modes 
of vibration are exactly those of a string. It vibrates as a 
whole, and can also divide itself into two, three, four, or 
more vibrating p^rts. But, for a reason to be immediately 
assigned, the laws which regulate the pitch of the succes- 
sive notes are entirely diflFerent in the two cases. Thus, 
when a string divides into two equal parts, each of its 
halves vibrates with twice the rapidity of the whole ; 
^’while, in the case of the rod, each of its halves vibrates 
with nearly three times the rapidity of the whole.^ With 
greater strictness, the ratio of the two rates of vibration is 
as 9 is to 25, or as the square of’^3 to the square of 5. In 
fig. 52, a a\ c c\ b b\ d d\ are sketched the first four modes 
of vibration of ®a rod fixed at both ends : the successive 
rates of vibration in the four cases bear to each other the 
following relation : — 

Number of nodes « . 0 c 1 2 3 

Number^if^ibiatioiis . 9 2^ 49 81 
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the last row of figures being the squares of the odd num- 
bers 3, 5, 7, 9. 

In the case of a string, the vibrations are maintained 
by a tension externally applied ;• in the case of a rod, the 
vibrations are maintained by the elasticity of the rod^s^** 
itself. The modes of division are in both cases the same, 


Fig. 52. 



but the forces brought into play are different, and hence 
also the successive rates of vibration. 

§ 2. Transverse Vibrations of a Rod fixed at one end. 

us now pass on to the case of a rod fixed at one end 
and free at the other. Here also it is the elasticity of the 
material, and not any external tension, that sustains the 
vibrations. Approaching, as usual, sonorous vibrations 
through more grossly mechanical ones, I fix this long rod 
of iron, n o, fig. 53, in a vice, draw it ^Sside, and liberate 
it^ To make its vibrations more evident, its shadow is 
thrown upon a screen. The rod oscillates as a whole to 
and fi*o, between the points p p\ But it is capable of 
other modes of vibration. Daihping it at the point a, by^ 
holding it gently there between the finger and thumb, 
and stnMng it sharply between a and o, the rod divides 
into two vibrating parts, separated by a node as shown in 
fig. 54. You see upon the screen a shadowy spindle be- 
tween a and the vice below, and a shadowy fan above a, 
with a black node between the two. The division may be 
effected without damping a, by merely imparting a suffi- 
ciently sharp s&ock to the rod between a ahd o. In this 
case, however, besides oscillating in parts^^tljie rod oscil- 
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lates as a whole, the partial oscillations being superposed 
upon the large one. 

You notice, moreover, that the amplitude of the par- 
tial oscillations depends upon the promptness of the stroke. 

‘ When the stroke is sluggish, the partial division is but 
feebly pronounced, the whole oscillation being most 
marked. But when the shock is sharp and prompt, the 
whole oscillation is feeble, and the partial oscillations are 


Fig. 53. 


Fig. 54. 


Fig. 55. 



executed with vigour. If the v^Drations of this rod were 
rapid enough to produce a musical sound, the oscillations 
of the rod as ajvhole would correspond to its fundamental 
tone, while the division of the rod into two vibrating parts 
would correspond to thfe first of its overtones. If, more- 
over, the rod vibrated as a whole and as a divided rod at 
the same the fundamental tjne and the overtone 
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would be heard simultaneously. By damping the proper 
point and imparting the proper shock, we can still further 
subdivide the rod, as shown in fig. 55. 

§ 3. GhladnVs Tonometer : the Iron Fiddle^ Musical Box^ * 
and the Kaleidophone. 

And now let us shorten our rod so as to render its 
vibrations sonorous. When it is about four inches long K 
emits a low musical sound on being agitated by a bow. 
When further shortened, the tone is higher ; and by con- 
tinuing to shorten the rod, the speed of vibration is 
augmented, until finally the sound becomes painfully acute. 
These musical vibrations differ only in rapidity from the 
grosser oscillations which a moment ago appealed to the 
eye. 

The increase in the rate of vibration here observed is 
ruled tty a definite law : the number of vibrations exe- 
cuted in a given time is inversely proportional to the 
square of the length of the vibrating rod. You hear the 
sound of this strip of brass, two inches long, as thte fiddle 
bow is passed over its end. Making, the length of the 
strip one inch, the sound is the double 8ctave of the last 
one ; the rate of vibration is augmented four times. Thus 
by doubling the length of the vibrating strip we reduce 
its raft of vibration to one-fourth ; by trebling the length 
we reduce the rate of vibration to one-ninth; by qua-^ 
drupling the length we reduce tjie vibrations to one- 
sixteenth, and so on. It is plain that by proceeding in 
this way we should fin^.lly reach a length where the 
vibrations would be sufficiently slow to be counted. 
Or, beginning with a long strip whose vj,bration8 could 
be counted, we might, by shortening, not only make 
the strip sound^ but also determin6 the rates of vibration 
corresponding to its different tones. Supposing we start 
with a strip 36 inc^s long, which vibrfy^g once in a 
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second : the strip reduced to 12 inches would, according to 
the above law, execute 9 vibrations a second ; reduced to 
6 inches, it would execute 36; to 3 inches, 144; while if 
reduced to 1 inch in length, it would execute 1,296 vibra- 
tions in a second. It is easy to fill the spaces between 
the lengths here given, and thus to determine the rate of 
vibration corresponding to any particular tone. This 
'method Avas proposed and carried out by Cliladiii. 

A musical instrument may be formed of short rods. 
Into this common wooden tray a number of pieces of- 
stout iron wire of diflferent lengths are fixSd, being ranged? 
in a semicircle. When the fiddle-bow is passed over tl^’” 
series, Ave obtain a succession of very pleasing notes. ^ 
competent performer could certainly extract very tolerable 
music from a sufficient number of these iron ^ The 

iron fiddle (violon de fer) is thus formed. The pf 

the ordinary musical-box are also produced by th* V|bra^.' 
tions of tongues of metal fixed at one end. Pius^ are 
fixed in a revolving cylinder, the free ends of the toj^rfes 
are lifted by these pins and then suddenly let go. ^he 
tongues vibrate, their length and strength beSng ^'so 
arranged as to jiroduce in each particular case the propj&ir 
rapidity of vibration. ^ 

Sir Charles Wheatstone has devised a simple and inge- 
nious optical method for the study of vibrating rods fixed 
at one end. Attaching Ifght glass beads, silvered within, 
to the end of a metal/od, and allowing the light of a lamp 
or candle to fall upon the bead, he obtained a small and in- 
tensely illuminated spot. Whep the rod vibrated, this spot 
described a brilliant line which sh(»wed the character of 
the vibration. A knitting-needle fixed in a vice with a 
small bead stuck on to it by marine glue answers perfectly 
as an illustration. In* Wheatstone’s more complete instru- 
ment, which tfe calls a kaleido^hone, the vibrating rods are 
firmly scre^’c^ into a massive stanc^ Extremely beautiful 
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figures are obtained by this simple contrivance, some of 
which may now be projected on a magnified scale upon 
the screen before you. 

Fixing the rod horizontally in the vice, a condensed 
beam is permitted to fall upon the silvered bead, a spot of^ 
sunlike brilliancy being thus obtained. Placing a lens in 
front of the bead, a bright image of the spot is thrown 
upon the screen, the needle is then drawn aside, aifcl 
suddenly liberated. The spot describes a ribbon of light, 
at first straight, but speedily opening out into an ellipse, 
passing into a circle, and then again through a second 
ii^llipse back to a straight line. This is due to the tact 
^^at a rod hcdd thus in a vice vibrates not only in the 
directioit in which it is drawn aside, but also at right 
angl^f|iS| this direction. The curve is due to the coin- 
lij^ti^n of two rectangular vibrations. ‘ While the rod is 
'fhup^siringing asi a whole, it may also divide itself into 
vitiating parts. By properly drawing a violin-bow across 
th^heedle this serrated circle, fig. 56, is obtained, a number 
of>6mall undulations being superposed 
upon -the large one. You moreover hear 
a musical tone, which you did not hear • 

%hen the rod vibrated as a whole onl^^ ; 
its oscillations, in fact, Avere then too 
slow ko excite such a tone. The vilaa- 
tions which produce these sinfiosities, 
and w'hich correspond to the first divi- 
sion of the rod, are executed with about 6^ times the 
rapidity of the vibrations of the rod swinging as a wdiole. 
Again I draw the bow' ; the note rises in pitch, the 
serrations run more closely together, timing #n the 
screen a luminous ripple more minute, ahd, if possible, 

^ Cbkdui also observed this conipomidin^ of vibrations, and executed 
a series of experiments, which, in their developed forlh, are those of the 
kaleidophone. The composition of vibrations will be studied at some 
length in a subsequent lectuie. 
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more beautiful than the last one, fig. 57. Here we have 
the second division of the rod, the sinuosities of which cor- 
respond to 17^* times its rate of vibra- 
tion as a whole. Thus every change 
in the sound of the rod is accompanied 
by a change of the figure upon the 
screen. 

The rate of vibration of the rod as 
a whole, is to the rate corresponding to 
its first division nearly as the square of 
2 is to the square of 5, or as 4 : 25. From the first 
division onwards the rates of vibration are approximately 
proportional to the squares of the series of odd numbers 
3, 5, 7, 9, 11, &c. Supposing the vibrations of the rod as 
a whole to number 36 per unit of time, then the vibra- 
tions corresponding to this and to its successive divisions 
would be expressed approximately by the following* series 
of numbers : — 

36, 225, 625, 1225, 2025, &c. 

In fig. 58, a, ?>, c, c, are shown the modes of 
division corresponding to this series of numbers. You 

Fi«. 58. 



will not fail to observe that these overtones of a vibrating 
rod rise far more rapidly in pitch than the harmonics of a 
string. a / 
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FIGURES OF THE KALEIDOPllONE. 




Other forms of vibration may be obtained by smartly 
striking the rod with the finger near its fixed end. In 
fact, an almost infinite variety of luminous scrolls can be 
thus produced, the beauty of which may be inferred from 
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the subjoined figures first obtained, by Sir C. Wheatstone. 
They may be produced by illuminating ^he bead with 
sunlight, or with the ligh# of the lamp or candle. The 
scrolls, moreover, may be doubled by employing two 
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candles instead of one. Two spots of light then appear, 
each of which describes its own luminous line when the 
knitting-needle is set in vibration. The kaleidophone 
jvas thus converted into a photometer by Sir C. Wheatstone. 

§ 4. Tranfirerse Vibrations of a Rod free at both ends. 

® The Claqae-bois and Glass Harmonica. 

From a rod or bar fixed at one end, we will now pass 
to rods or bars free at both ends ; for such an arrange- 
ment has also been employed in music. By a method 
afterwards to be described, Chladni, the hither of modern 
acoustics, determined experimentally the modes of vibra- 
tion possible to such bars. The simplest mode of division 

Vkj. 60 . 
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in this case occurs wken the rod is divided by two nodes 
into three vibrating parts. This division is easily illus-, 
t rated by a flexible b )X rujer, six feet long. Holding it 
ftt about twelve inches from its two ends between the 
forefinger and thumb *of each hand, and shaking it, or 
causing its centre to be struck, it vibrates, the middle 
segment forming a shadovry spiftdle, and the two ends 
forming fans. The shadow of the ruler on the screen 
renders the inodfe of vibration very evident. In this case 
the distance of each node from the end of the ruler is 
about one-fourth of the distance between the two nodes. 
In its second mode of vibration 4he rod or ruler is divided 
into four vib^^ing parts by three ftodes. In fig. 60, 1 
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and 2, these respective modes of division are shown» 
Looking at the edge of the ruler 1, the dotted lines cutting 
a a', 6 h\ show the manner in which the segments bend up 
and down when the first division occurs, while c c', d d\ 
show the mode of vibration corresponding to the^ second 
division. The deepest tone of a rod free at both ends is 
higher than the deepest tone of a rod fixed at one end in 
the proportion of 4 : 25. Beginning with the first t\fo 
nodes, the rates of vibration of the free rod rise in the 
following proportion ; — 

Number of nodes .... 2, 3, 4, 5, 6, 7. 

Numbers to tho sqiiMTCs of which the ^ o r n n io 

• •• • , • t f 'h '-^1 1 o. 

piteli IS approximately proportional J 

Here, also, we have a similarly rapid rise of pitch to 
that noticed in the last two cases. 

Fig. 61. 



For musical purposes the first division only of a free 
rod has been employed. When bars of wood, of different 
lengths, widths, and depths, are strung alc^g a cord which 
passes through the nodes, we have the claque-hois of the 
French, an ii\ptrument now before 3/011, a b, fig. 61. 
Supporting the cord at ong end by a hook and holding 
it at the other in tte left hand, I run hammer, A, 
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along the series of bars, and produce an agreeable succes- 
sion of musical tones. Instead of using the cord, the 
bars may rest at their nodes on cylinders of twisted 
straw ; hence the name ‘ straw-fiddle,’ sometimes applied 
to this instrument. Chladni informs us that it is 
introduced as a play of bells (Glockenspiel) into 
Mozart’s opera of ^ The Zauberflote.’ If, instead of bars 
of wood, we employ strips of glass, we have the glass 
harmonica. 


§ 5. Vibrations of a Taning-forh 

From the vibrations of a bar free at both ends, it is 
easy to pass to the vibrations of a tuning-fork, as analysed 
by Chladni. Supposing a a, fig. 62, to represent a straight 


Fio. 62. 


Fin. 63. 



steel bar, with the nodal points corresponding to its first 
mode of division marked by the transverse dots. Let the 
bar be bent to the form h h ; the two nodal points still re- 
main, but they have approached nearer to each other. , 
The tone of the bent bar is also somewhat lower than that 
of the straight one. Passing through various stages of 
bending, c Cj d we at length convert the bar into a 
tuning-fork e e,cwith parallel prongs ; it still retains its 
two nodal points, which, however, are much closer together 
than when the Ijar was straight. , 

When such a fork sounds «its deepest note, its free 
ends oscillate* ^s in fig. 63, where' the prongs vibmte 
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between the limits h and and / and m, and where p 
and q are the nodes. There is no division of a tuning- 
fork corresponding to the division of a straight bar by 
three nodes. In its second node of division, which cor- 
responds to the first overtone of the fork, we have a node 
on each prong, and two at the bottom. The principle of 
Young, referred to at p. 116, extends also to tuning-forks. 
To free the fundamental tone from an overtone, you dlaw 
your bow across the fork at a place wdiere a node is required 
to form the latter. In the third mode of division there 
are two nodes on each prong and one at the bottom. In 
the fourth division there are two nodes on each prong and 
two at the bottom ; while in the fifth division there 
are three nodes on each prong and one at the bottom. 
The first overtone of the fork requires, according to 
Chladni, 6^ times the number of vibrations of the funda- 
mental tone. 

It is easy to elicit the overtimes of tuning-forks. Here, 
for example, is our old series, vibrating respectively 256, 
320, 384, and 512 times in a second. In parsing from 
the fundamental tone to the first overtone of each, you 
notice that the interval is vastly greater than that between 
the fundamental tone and the first pvertone of a stretched 
string. From the numbers just mentioned we pass at 
once to 1,600,2,000, 2,400, and 3,200 vibrations a second. 
Chladni’s numbers, however, though approximately correcjj, 
are not always rigidly verified by. experiment. A pair of 
forks, for example, may have their fundamental tones in 
perfect unison and their overtones discordant. Two such 
forks are now before you. When the fundamental tones 
of both are sounded, the unison is perfect ; but when the 
first overtones of both are sounded, they are not in unison. 
You hear rapid ‘ beats,’ which girate upon the ear. By 
loading one of the forks ,with wax, the two overtones may 
be brought into unison ; but now the fuiidamental tones 



produce loud beats when sounded together. This could’ 
;not occur if the fir^t overtone of each fork was produced 
by a number of vibrations exactly 6;^ times thd rate of its 
fundamental. In a series of forks examined by Helmholtz, 
the number of vibrations of the first overtone varied from 
5-8 to 6‘6 times that of the fundamental. ^ 

Starting from the first overtone, and including it, the 
rates of vibration of the whole series of overtones are as 
the squares of the numbers 3, 5, 7, 9, &c. That is to say, 
in the time required by the first overtone to execute 9 
vibrations, the second executes 25, the third 49, the fourth 
81, and so on. Thus the overtones of the fork rise with 
far greater rapidity than those of a string. They also 
vanish more speedily, and hence adulterate to a less extent 
the fundamental tone by their admixture. 

§ 6. CkladnVa Figures. 

The device of Chladni for rendering these sonorous 
vibrations visible has been of immense importance to the 
science of acoustics. Lichtenberg had made the experi- 
ment of scattering an electrified powder over an electrified 
resin cake, the arrangement of the ppwder revealing the 
electric condition of the surface. This experiment sug- 
gested to Chladni the idea of rendering sonorops vibrations 
visible by means of sand strewn upon the surface of file 
vibrating body. Chladni’s own account of his discovery is 
of sufficient interest to justify its introduction here. 

^ As an admirer of music, the elements of which I had 
begun to learn rather late, that is, ki my nineteenth year, 

I noticed that the science of acoustics was more neglected 
than most other portions of physics. This excited in me 
the desire to make good the defect, and by new discovery 
to render some sejvice to* this part of science; In 1785 I 
had observed that a plate of glas^ or metal gave different 
sounds when itfwas struck at different^laces, but I could 
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nowhere find any infonijation%egarding the corresponding 
modes of vibration. At this time there appeared in the 
lournals some notices of an instrument made in Italy by 
the Abbe Mazzocchi, consisting of bells, to which one or 
two violin-bows were applied. This suggested to me the 
idea of employing a violin-bow to examine the vibrations 
of different sonorous bodies. When I applied the bow to 
a round plate of glass fixed at its middle it gave differ&it 
sounds, which, compared with each other, were (as regards 
the number of their vibrations) equaf to the squares of 2, 
3, 4, 5, &c. ; but the nature of the motions to which these 
sounds corresponded, and the means of producing each of 
them at will, were yet unknown to me. The experiments 
on the electric figures formed on a plate of resin,yis- 
covered and published by Liehtenberg, in the memoirs of 
the Eoyal Society of Gottingen, made me presume that 
the different vibratory motions of a sonorous plate might 
also present different appearances, if a little s"and or some 
other similar substance were spread on the surface. On 
employing this means, the first figure that presehted itself 
to my eyes upon the circular plate already mentioned 
resembled a star with ten or twelve rays, and the very 
acute sound, in the series alluded to, was that which 
agreed with the square of the number of diametrical lines.* 

§ 7. Vibrations of Square Platen : nodal lines. ^ 

I will now illustrate the experiments of Chladni, com- 
mencing with a square plate of glass held by a suitable 
clamp at its centre. The plate might be held with the 
finger and thumb, if they could only reach far enough. 
Scattering fine sand over the plate, the ^middle point of 
one of its edges is damped by touching it with the finger 
nail, and a hovr is drawn across the edge of the plate, near 
one of its corners. The ^nd is tossed away from certain 
parts of the surface^ and collects along tvr6 nodal lines 
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which divide the large square into four smaller ones, as in 
fig. 64. This division of the plate corresponds to ite 
deepest tone. 

The signs -f and — employed in these figures denote 
that the two squares on which they occur are always mov- 
ing in opposite directions. When the squares marked + 
are above the average level of the plate, those marked — 
are^'^below it ; and when those marked — are above the 
average level, those marked + are belowr it. The nodal 
lines mark the boundaries of these opposing motions. 
They are the places of transition from the one motion to 
tlie other, and are therefore unaffected by either. 


Fifj. 64. 




Fio. 6.1. 


Fin. 66. 



Scattering sand once more over its surface, 1 damp one 
of the corners of the plate, and O/Xcite it by drawing the 
bow across the middle of one of its sides. The sand 
dances over the surfiiee, and finally ranges itself in tivo 
sharply-defined ridges alou^ its diagonals, fig. 6o. The 
ncte here produced is a fifth above the last. Again damp- 
ing two other points, <ind drawing the bow acros.s the 
centre of the opposite side of the plate, we obtain a far 
shriller note than in either of the^former cases, and the 
manner in which the plate vibrates to produce this note is 
represented in figt, 66. 

Thus far plates of glass have been employed held by a 
clamp at the centre. Plates of metal are still inorfj suitable 
for such experiments. Here is plate of brass, 12 inches 
square, and siijaported on a suitable %tand. Damping^ it 
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with the finger and thumb of my left hand at two points 
of its edge, and drawing the bow with my right across a 
vibrating portion of the opposite edge, the complicated 
pattern represented in fig. 67 is obtained. 

The beautiful series of patterns shown on page 142 
were obtained by Chladni, by damping and exciting square 
plates in different ways. It is not only interesting but 
startling to see the suddenness with which these shsftply 

Fig. G7. 



defined figures are formed by the sweep of the bow’ of a 
skilful experimentef. 

o§ 8. Wheatstone^s Analysis of the Vibrations of 
Square ^Plates. ^ 

And now let us look a littlq more closely into the 
mechanism of these vibrations. The manner in which a 
bar free at both ends c^ivides itself when it vibrates trans- 
versely has been already explained. Rectangular pieces 
of glass or of sheet metal — the glass strips of the har- 
monica, for example—obey the laws of free rods and 
bars. In fig. 69 (p. 143) is drawn a rectangle a, with the 
nodes corresponding to its first division marked upon it, and 
underneath it is placed a figure showing Jthe manner in 
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which the rectangle, looked at edgeways, bends up and 
down when it is set in vibration.' For the sake of plain- 
ness the bending is greatly exagge- 
rated. The figures h and c indicate 
that the vibrating parts of the plate 
alternately rise above and fall below 
the average level of the plate. At 
one moment, for example, the centre 
of the plate is above the level and 
its ends below it, as at 6 ; while at the next moment its 
centre is below and its two ends above the average level, 
as at 6*. The vibrations of the plate consist in the quick 
successive assumption of these two positions. Similar 
remarks apply to all other modes of division. 

Now suppose the rectangle gradually to widen, till it 
becomes a square. There then w^ould be no reason why 
the nodal lines should form parallel to one pair of sides 
rather than to the other. Let us now examine what would 
be the effect of the coalescence in the same plate of two 
such systems of vibrations. # . 

To keep your conceptions clear, take two squares of 
glass and draw upon each of them the# nodal lines belong- 
ing to a rectangle. ^Draw the lines on one plate in white 
and on the other in black ; this wifl help you to keep the 
plates distinct in your mind as you look at them. Now 
lay one square upon the other so that their nodal lines 
shall coincide, and then realise with perfect mental clear- 
ness both plates in a state of vibration. Let us assume, 
in the first instance, that the vibrations of the two plates 
are concurrent ; that the middle segment and the end 
segments of each rise and fall together ; and now^ suppose 

* I copy this figure from Sir 0. W^heatstone’s memoir. The nodes, 
however, ought to be nearer the ends, and the free, teiminal portions^of 
the dotted lines ohght not to show any contrary fieici^e. The nodal lines 
in the next two figures arc al^o drawn too fat from the edge of the 
plates. See Fig. 60. ^ % 
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the vibrations of one plate transferred to the other. What 
would be the result? Evidently vibrations of a double 
amplitude on the part of the plate which has received this 
accession. But suppose the vibrations of the two plates, 
instead of being concurrent, to be in exact opposition to 
each other that when the middle segment of the one 
rises the middle segment of the other falls — what would 
b^ the consequence of adding them together ? Evidently 
a neutralization of all vibration. 

Instead of placing the plates so that their nodal lines 
coincide, set these lines at right angles to each other. 
That is to say, push a over a', fig. 70. In these figures the 
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letter P means posftive, indicating, in the section where it 
occurs, a motion of the plate upwards ; while N means 
negative, indicating, where it occurs, a motion downwards. 
You have now before you a kind of check pattern, as shown 
the third square, consistfng of a square 8 in the middle, 
a smaller square b at ^ each corner, and four rectangles 
(shaded) at the middle portions of the four sides. Let 
the plates vibrate, and then suppgse the vibrations of one 
of them transferred to the other. What must result? 
A moment’s reflection will show you that the big middle 
square 8 will vibrate with augmented energy, because here 
tte vibrations of the t\vt) plates support €*ach other. The 
same is true of* the four smaller squares 6, 6, b, K at the 
four corners but you will at. ^once# convince yourselves 
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that the vibrations in the four shaded rectangles are in 
opposition, and that where their amplitudes are equal 
they will destroy each other. The middle point of each 
side of the plate of glass will, therefore, be a point of 
rest; the points where the nodal lines of the two plates 
cross each other will also obviously be points of rest. 
Draw a line through every three of these pointa and you 
will obtain a second square inscribed in the first. Th^ 
sides of this square are lines of no motion. 

We have thus far been theorising. Let us now clip 
a square plate of glass at a point near the centre of one 
of its edges, and draw the bow across the adjacent corner 
of the plate. When the glass is homogeneous, a close 
approximation to this inscribed square is obtained. The 
reason is that when the plate is agitated in this manner 
the two sets of vibrations which we have been considering 
actually co-exist in the plate, and produce the figure B 
fig. 70 due to their combination. 
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Again, place the squares of glass one upon the other 
exactly as in the last casQ ; but now, instead of supposing 
them to concur in their vibrations, let their corresponding 
sections oppose each other : that is, let a cpver a', fig. 71. 
Then it is manifest that on superposing the vibrations the 
middle point of our middle square Amst be a point of rest 4 
for here the vibrations are equal and opposite. The in- 
tersections of the nodal lines are also points rest, and 
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so also is every corner of the plate itself, for here the 
vibrations are also equal and opposite. We have thus 
fixed four points of rest on each diagonal of the square. 
Draw the diagonals, and they will represent the nodal 
lines consequent on the superposition of the two sets of 
vibrations. 

These two systems actually co-exist in the same plate 
wthen the centre is clamped and one of the comers 
touched, while the fiddle-bow is drawn across the middle 
of one of the sides. In this case the sand which marks 
the lines of rest arranges itself along the diagonals. This, 
in its simplest possible form, is Sir C. Wheatstone’s 
analysis of these superposed vibrations. 

§ 9. Vihratio'm of Circular Plates. 

Passing from square plates to round ones, we also 
ootain various beautiful effects. This disc of brass is sup- 
ported horizontally upon an upright stand : it is blackened, 
and fine white sand is scattered lightly over it. The disc 
is capably of dividing itself in various ways, and of emit- 
ting notes of various pitch. I sound the lowest funda- 
mental note of the disc by touching its edge at a certain 
point, and drawing the bow’ across the edge at a point 45 
degrees distant from.' the damped one. You hear the note 
and you see the sand. It quits the four quadrants ef the 
^disc, and ranges itself along two of the diameters, fig. 72 A 
(next page). When a disc divides itself thus into four 
vibrating segments, it sounds its deepest note. I stop the 

vibration, clear the disc, and once more scatter sand over 

€> 

it. Damping its edge, and drawing the bow across it at a 
point ^0 degrees distant from the damped one, the sand 
imm^ediately arranges itself in a star. We have here six 
yibrating segments, separated from each other by their 
appropriate nodal lines, fig. 72 6. Again 1 damp a point, 
and agitate another nearer to the ds^ped one than in the 
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last instance ; the disc divides itself into eight vibrating 
segments with lines of sand between them, fig. 72 c. In 
this way the disc may be subdivided, into ten, twelve, 
fourteen, sixteen sectors, the number of sectors being 
always an even one. As the division becomes more minute 
the vibrations become more rapid, and the pitch conse- 
quently more high. The note emitted by the sixteen 
segments into which the disc is now divided is so acute aj 
to be almost painful to the ear. Here you have Chladni’s 
first discovery. You can understand his emotion on 
witnessing this wonderful effect, ‘ which no mortal had 


A 



Fig. 72. 

B 0 



previously seen.’ By rendering the centre of the disc 
free, and damping appropriate points of the surface, nodal 
circles and other curveji lines may be obtiiined. 

The rate of vibration of a disc is directly proportional 
to its thickness, and inversely proportional to the square 
of its ?liameter. Of the three discs now befoi’e you two 
have the same diameter, but one is twice as thick as the» 
other; two of them are of the same thickness, but one 
has half the diameter of the other. According to the 
law just enunciated, the^ rates of vibration of the discs 
are as the numbers 1, 2, 4. When they are sounded in 
succession, the musical ears present can testify that t^hey 
really stand to each other in the relation of a note, its 
octave, and its double octave. ’ ^ 



148. 


LECTURE IV. 


§ 10. Strehlke and Faraday* s Experiments : deportment 
of light powders. 

The actual movement of the sand towards the nodal 
lines may be studied by clogging the sand with a semifluid 
substance. When gum is employed to retard the motion 
of the particles, the curves which they individually de- 
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scribe are very clearly drawn upon the plates. M. Strehlke 
has sketched these appearances, and from him the patterns 
A, B, c, fig. 73, are borrowed. 

An atfect of vibrating plates which long perplexed 
experimenters is here to be noticed. When, with the sand 
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strewn over a plate, a little fine dust is mingled, say the 
fine seed of lycopodium ; this light substance, instead 
of collecting along the nodal lines, forms heaps at the 
places of most violent* motion. It is heaped at the four 
corners of the ^late, fig, 74, at the four sides of the plate, 
. 75, and ^lodged between the no^al lines of the plate. 
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fig. 76. These three figures represent the three states of 
vibration illustrated in figs. 64, 65, and 66. The dust 
chooses in all cases the place of greatest'agitation. Various 
explanations of this effect had been given, but it was 
re»erved for Faraday to assign its extremely simple cause. 
The light powder is entangled by the little whirlwinds of 
air produced by the vibrations of the plate: it cannot 
escape from the little cyclones, though the heavier sand 
is readily driven through them. When, therefore, the 
motion ceases, the light powder settles down at the places 
where the vibration was a maximum. In vacuo no such 
effect is observed: here all powders, light and heavy, 
move to the nodal lines. 

§ 11. Vibration of Bells : means of rendering 
them visible. 

The vibrating segments and nodes of a bell are similar 
to those of a disc. When a bell sounds its deepest note, 
the coalescence cf its pulses causes it to divide into four 
vibrating segments, separated from each other by four 
nodal lines, which run up from the sound-bow to the 
crown of the bell. The place where the hammer strikes 
is always the middle of a vibrating segment ; the point 
diamej:rically opposite is also the middle of such a seg- 
ment. Ninety degrees from these points, w'e liave also 
vibrating segments, while at 45 degrees right and left of® 
them we come upon the nodal linos. Supposing the 
strong dark circle in fig. 77 (next page) to represent the 
circumference of the befl in a state of quiescence, then 
when the hammer falls on any one of the segments a, c, 
6, or cZ, the sound-bow passes periodically through ''.the 
changes indicated by the dotted lines. At one moment 
it is an oval, with a b for its longest diameter ; at the^ 
next moment it is an ova\ wdth c d for its longest dia- 
meter. The changes "from one oval to the, other, con- 
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stitute, in fact, the vibrations of the bell. The four 
points 71, 71, 71, 71, where the two ovals intersect each other, 

are the nodes. As in the case 
of a disc, the number of vibra- 
tions executed by a bell in a 
given time, varies directly as 
the thickness, and inversely as 
j the square of the bell’s dia- 
meter. 

Like a disc, also, a bell can 
divide itself into any even 
number of vibrating segments, 
but not into an odd number. 
By damping proper points in succession, the bell can be 
caused to divide into 6, 8, 10 and 12 vibrating parts. 
Beginning with the fundamental note, the number of 
vibrations corresponding to the respective divisions of a 
bell, as of a disc, is as follows : — 

^ Number of divisions . , . 4,‘ 6, 8, iO, 12. 

Numbers the squares of which 1 2 3 4 5 6 

express the rates of vibration / >»>*»• 

« 

Thus, if the vibrations of the fundamental tone be 40, 
that of the next hig'her tone will be 90, the next 160, the 
next 250, the next 360, and so on. If the bell Ijp thin, 
the tendency to subdivision is so great, that it is almost 
* impossible to bring out the pure fundamental tone with- 
out the admixture of \;he higher ones. 

I will now repeat before you a homely, but an instruc- 
tive experiment. This common' jug, when a fiddle-bow is 
drawn across its edge, divides into four vibrating segments 
exactly like a bell. The jug is provided with a handle ; 
and you are to notice the influence of this handle upon the 
lone. When fhe fiddle-bow is drawn across the edge at a 
point diametrically opposite to«the handle a certain note is 
heard. WK^n it is drawn at a poin^ 90® from the hi^ndle, 
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the same note is heard. In both these cases the handle 
occupies the middle of a vibrating segment, loading that 
segment by its weight. But I now draw the bow at an 
angular distance of 45® from the handle ; the note is 
sensibly higher than before. The handle in this experi- 
ment occupies a node ; it no longer loads a vibrating seg- 
ment, and hence the elastic force, having to cope with less 
weight, produces a more rapid vibration. Chladni exl- 
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cuted with a tea-cup the expejfment here made with a 
jug. Now, bells often exhibit round their sound-bows aP 
lack of uniform thickness, tantarftount to the want of 
symmetry in the case of our jug ; and we shall learn sub- 
sequently, that the inti^rmittent sound of many bells, 
noticed more particularly when their tones are dying out, 
is produced by the combination of two distinct rftt^s of 
vibration, which have this absence^ of uniformity for their 
origin. • ^ * 

There are no points of absolute rest in a vibrating bell, 
for the nodes of the 'higher tones are not ,fhose of the 
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fundamental one. But it is easy to show that the various 
parts of the sound-bow, when the fundamental tone is pre- 
dominant, vibrate with veiy different degrees of intensity. 
Suspending a little ball of sealing-wax a, fig. 78 (previous 
page), by a string, and allowing it to rest gently against 
the interior surface of an inverted bell, it is tossed to and 
fro when the bell is thrown into vibration. But the 
Attling of the sealing-wax ball is far more violent when 
it rests against the vibrating segments than when it rests 
against the nodes. Pennitting the ivory bob of a short 
pendulum to rest, in succession, against a vibrating segment 
and against a node of the Grreat Bell of Westminster, I 
found that in the former positi^m it was driven away five 
inches, in the latter only two inches and three-quarters 
when the hammer fell upon the bell. 

Could the ‘ Great Bell ’ be turned upside down and 
filled with water, on striking it the vibrations would 
express themselves in beautiful ripples upon the liquid 
surface. Similar ripples may be obtained with smaller 
bells, or •even with finger and claret gla sses, but they would 
be too minute for our present purpose. Filling a large 
hemispherical glass with water, and,passing the fiddle-bow 
across its edge; large crispations immediately cover its 
surface. When the* bow is vigorously drawn, the water 
rises in spray from the four vi])rating segments. Pro- 
jecting, by means of a lens, a magnified image of the 
illuminated water surfece upon the screen, I pass the bow 
gently across the edge of the glass, or rub my finger gently 
along the edge. You hear this low sound, and at the 
same time observe the ripples breaking as it were in visible 
mus^oover theJFour sectors of the figure. 

The experiment of Leidenfrost proves that if water be 
poured into a red-hot silver basin, it rolls^ about upon its 
own vapour. He same effect^ is produced if we drop a 
volatile liquid, like ether, on the surface of warm water. 
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And if a bell-glass be filled with ether or with alcohol, a 
sharp sweep of the bow over the edge of the glass de- 
taches the liquid spherules, which, w'hen they fall back, 
do not mix with the liquid, but are driven over the 
surface on wheels of vapour to the nodal lines. The 
warming of the liquid, as might be expected, improves 
the effect. M. Melde, to whom we are indebted for this 
l>eautiful experiment, has given the drawings, figs. 79 aftd 
80, representing what occurs when the surface is divided 


Fio. 79. Fio. 80. 



into four and into six vibrnting parts. With a thin wine- 
glass and strong braigdy the effect ma/ also be obtained.* 
The glass and the liquid wdthin it vibrate here together, 
and everything that interferes with the perfect continuity 
of tfie entire mass disturbs th^? sonorous effect. A crack 
in the glass passing from the edge downwards extinguishqp 
its sounding power. A rupture in the continuity of the 
Kquid has the same effect. When a glass containing a 
S(>lution of carbonate of .soda is struck with a bit of wood, 
you hear a clear musical sound. But when a little 
tartaric acid is added to the liquid, it Joams, and ^ dry 

* Under the shoulder of tho Wetterhorn I found in 1867 a pool of clear 
water, into which a driblet fell from a Grow of overhanging limestqpe 
rock. The rebounding water-drops when they fell Uick rolled in myriads 
over the surface. Almost any fountain, tho spray of which falls into a 
basin, will exhibit the sam*e cifect. ^ 
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unmusical collision takes the place of the musical sound. 
As the foam disappears the sonorous power returns, and 
now that the liquid is once more clear, you hear the 
musical ring as before. 

The ripples of the tide leave their impressions upon 

the sand over which they 
pass. The ripples produced 
by sonorous vibrations have 
been proved by Faraday com- 
petent to do the same. At- 
taching a plate of glass to a 
long flexible board, and pour- 
ing a thin layer of water over 
the surface of the glass, on 
causing the board to vibrate, 
its tremors chase the water 
into a beautiful mosaic of ripples. A thin stratum of sand 
strewn upon the plate is acted upon by the water, and 
carved into patterns, of which fig. 81 is a reduced speci- 
men. « 


Fig. 81 . 
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SUMMARY OF LECTURE IV. 

A rod fixed at both ends and caused to vibrate trans- 
versely divides itself in the same manner as a string 
vibrating transversely. 

But the succession of its overtones is not the same* as 
those of a string, for while the series of tones emitted by the 
string is expressed by the natural numbers, 1, 2, 3, 4, 5, 
&c. ; the series of tones emitted by the rod is expressed by 
the squares of the odd numbers, 3, 5, 7, 9, &c. 

A rod fixed at one end can also vibrate as a whole, or 
can divide itself into vibrating segments separated from 
each other by nodes. 

In this case the rate of vibration of the fundamental 
tone is to that of the first overtone as 4 ; 25, or as the 
square of 2 to the square of 5. From the first division 
onwards the rates of vibration .ire proportional to the 
squares of the odd numbers 3, 5, 7, *9, &c. 

With rods of different lengths the rate of vibration is 
inversely proportional to the square of the length of the 
rod. • 

Atbiching a glass bead silvered within to the free end 
of the rod, and illuminating the bead, the spot of light 
reflected from it describes curves of various forms when 
the rod vibrates. The Kaleidophone of Wheatstone is thus 
constructed. ♦ ^ 

The iron fiddle and the musical box are instruments 
whose tones are produced by rods, or tongues, fixed at one 
end and free at the otherj 

A rod free at bofh ends can also be rendered a source 
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of sonorous vibrations. In its simplest mode of division 
it has two nodes, the subsequent overtones correspond to 
divisions by 3, 4, 5, &c., nodes. Beginning with its first 
mode of division, the tones of such a rod are represented 
by the squares of the odd numbers 3, 5, 7, 9, &c. 

The claque-bois, straw-fiddle, and glass harmonica are 
instruments whose tones are those of rods or bars free at 
both ends, and supported at their nodes. 

When a straight bar, free at both ends, is gradually 
bent at its centre, the two nodes corresponding to its 
fiyidainental tone gradually approach each other. It 
finally assumes the shape of the tuning-fork which, when it 
sounds its fundamental note, is divided by two nodes near 
the base of its two prongs into three vibrating parts. 

There is no division of a tuning-fork by three nodes. 

In its second mode of division, which corresponds to 
the first overtone of the fork, there is a node on each 
prong and two others at the lx)ttom of the fork. 

The fundamental tone of the fork istpits first overtone 
approxinfately as the square of 2 is to the square of 5. 
The vibrations of the first overtone are, therefore, about 
6^ times as rapid as those of the fun^damental. From the 
first overtone onward^ the successive rates of vibration are 
as the squares of the ‘odd numbers 3, 5, 7, 9, &c. 

We are indebted to ,Chladni for tlie experimental 
investigation of all these points. He vras enabled to 
conduct his inquiries .by means of the discovery that, 
when sand is scattered over a vibrating surface, it is driven 
from the vibrating portions of Uie surface, and collects 
along the nodal lines. 

(^Kdni emt^raced in his investigations plates of various 
forms. A square plate, for example, clamped at the 
centre, and caused to emit its fundamental tone, divides 
itself into four ‘smaller squares by lines parallel to its 
sides. f • 
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The same plate can divide itself into four triangular 
vibrating parts, the nodal lines coinciding with the dia- 
gonals of the square. The note produced in this case is 
a fifth above the fundamental note of the plate. 

The plate may be further subdivided, sand-figures of 
extreme beauty being produced ; the notes rise in pitch as 
the subdivision of the plate becomes more minute. 

These figures may be deduced from the coalescence ef 
different systems of vibration. 

When a circular plate clamped at its centre sounds its 
fundamental tone, it divides into four vibrating parts, 
separated by four radial nodal lines. 

The next note of the plate corresponds to a division 
into six vibrating sectors, the next note to a division into 
eight sectors; such a plate can divide into any even 
number of vibrating sectors, the sand-figures assuming 
beautiful stellar forms. 

The rates of vibration corresponding to the divisions 
of a disc are represented by the squares of the numbers 
2, 3, 4, 5, 6, &c. In other words, the rates of vibration 
are proportional to the squares of the numbers repre- 
senting the sectors into which the disc k divided. 

When a bell sounds its deepest note it is divided into 
four vibrating parts separated from oach other by nodal 
lines,*which run upwards from^the sound-bow and cross 
each other at the crown. • ^ 

It is capable of the same subdivisions as a disc : the 
succession of its tones being also the same. 

The rate of vibration of a disc, or bell, is directly 
proportional to the thickness, and inversely proportional to 
the square of the diameter. 
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LOi.«IITUDINAL VIBRATIONS OF A WIRE — REIATIVK TRLOCITIKS OF SOUND IN 
BRAIDS AND IRON— LONGITUDINAL VIBRATIONS OF HODS FIXED AT ONFi 
END- 'OF RODS FREE AT BOTH ENDS DIVISIONS AND OVERTONES OF 
RODS VIBRATING LONGITUDINALLY EXAMINATION OF VIBRATING BARS 
BY POLARISED LIGHT- DETERMINATION OF VELOCITY OF SOUND IN 
SOLIDS — RESONANCE — VIBRATIONS OF STOPPED PIPES I THEIR DIVISIONS 
AND OVERTONES— RE1.ATION OF THE TONES OF STOPPED PIPES 'lO THOSE 
OF OPEN PIPES — CONDITION OF COLUMN OF AIR WITHIN A SOUNDING 
ORGAN-PIPE — REEDS AND REED-PIPES — THE VOICE-- OVERTONES OF THE 

VOCAL CHORDS — THE VOWEL SOUNDS THE TELEPHONE, MICROPHONE, 

AND PHONOGRAPH— KUNDT’s EXPERIMENTS — NEW METHODS OF DETER- 
MINING THE VELOCITY OF SOUND. 

§ 1. Longitudinal Vihratimis of Wires and Rods : con-- 
version of Longitudinal into Transverse Vibrations. 

TT7E have thus far occupied ourselves * exclusively with 
ft transversal vibrations: that is to say, vibrations 
executed at right singles to the lengths of the strings, 
rods, plates, and bells subjected to examination. A string 
is also capable of vibrating in the direction of its length, 
but here the power which^enables it to vibrate is Aot a 
Ijpnsion applied externally, but the elastic force of its own 
molecules. Now, this molecular elasticity is much greater 
than any that we can ordinarily develop by stretching the 
string, and the consequence is that the sounds produced 
by the longitudinal vibrations oi a string are, as a 
gener^^rule, much more acute than those produced by its 
transverse vibrations. These longitudinal vibrations may 
excited by the oblique passage of a fiddle-bow ; but 
they are more feasily produced by passing ‘briskly along 
the string a tit of cloth, or leftther| on which powdered 
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resin has been strewn. The resined fingers answer the 
same purpose. 

When the wire of our monoehord is plucked aside, you 
hear the sound produced by its transverse vibrations. 
When resined leather is rubbed along the wire, a note 
much more piercing than the last is heard. This is due 
to the longitudinal vibrations of the wire. Behind the 
table is stretched a stout iron wire, 23 feet long. One end 
of it is firmly attached to an immovable wooden tray, 
the other end is coiled round a pin fixed firmly into one 
of our benches. With a key this pin can be turned, and 
the wire stretched so as to facilitate the passage of the 
rubber. Clasping the wire with the resined leather, and 
passing the hand to and fro along it ; a rich loud musical 
sound is heard. Halving the wire at its centre, and 
rubbing one of its halves, the note heard is the octave of 
the last; the vibrations are twice as rapid. When the 
wire is clipped at one-third of its length and the shorter 
segment rubbed, the note is a fifth above the octave. 
Taking one-fourth of its length and rubbing as before, 
the note yielded is the double octave of that of the 
whole wire, being produced by four times the number of 
vibrations. Thus, in fongitudinal as well as in transverse 
vibrations, the number of vibrations -executed in a given 
time imversdy proportional to the length of the wire. 

And notice the surprising pdwer of these sounds when^- 
the wire is rubbed vigorously. W^th a shorter length, 
the note is so acute, and at the same time so powerful, as 
to be hardly bearable. Jt is not the wire itself which 
produces this intense sound ; it is the wooden tray at its 
end, to which its vibrations are communicated. And the 
vibrations of the wire being longitudinal, those of the 
tray, which is at right angles to the wire, must be trans-* 
versal. We have here, indeed, an instructive example of 
the conversion of longitudifial into transverse vibrations. 
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§ 2. LongitudiTial Pulses in Iran and Brass : their 
relative velocities determined* 

Causing the wire to vibrate again longitudinally 
through its entire length, my assistant shall at the same 
time turn the key at the end, thus changing the tension. 
You notice no variation of the note. The longitudinal 
vibrations of the wire, unlike the transverse ones, are 
independent of the tension. Beside the iron wire is 
stretched a second one of brass, of the same length and 
thickness. I rub them both. Their tones are not the same ; 
that of the iron wire is considerably the higher of the two. 
Why ? Simply because the velocity of the sound-pulse is 
greater in iron than in brass. The pulses in this case pass 
to and fro from end to end of the wire. At one moment 
the wire pushes the tray at its end ; at the next moment 
it pulls the tray, this pushing and pulling being due to 
the passage of the pulse to and fro along the whole wire. 
The time required for a pulse to run from one end to the 
other ayid hack is that of a complete vibration. In that 
time the wire imparts one push and one pull to the 
wooden tray at ifs end ; the wooden tray imparts one 
complete vibration tp the air, and the air bends once in 
and once out the tympanic meiubrane. It is manifest 
that the rapidity of vibmtjon, or, in other words, the* pitch 
4 »>f the note, depends upon the velcK*ity with which the 
sound-pulse is transmitted through the wire. 

And now the solution of a beautiful problem falls of 
itself into our hands. By shortening the brass wire we 
cause it to emit a note of the same pitch as that emitted 
by other. ^You hear both notes now sounding in 
unison, and the reason is that the sound-pulse travels 
through these 23 feet* of iron wire, and^ through these 
15 feet 6 inches of brass wire, in the same time. These 
lengths are in the ratio of 11 ; ^7, aiid these tw'o numbers 
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express the relative velocities of sound in brass and iron. 
In fact, the former velocity is 11,000 feet, and the latter 
17,000 feet a second. The same method is of course 
applicable to many other metals. 

When a wire or string, vibrating longitudinally, emits 
its lowest note, there is no node whatever upon it ; the 
pulse, as just stated, runs to and fro along the wdiole 
length. But, like a string vibrating transversely, it crm 
also subdivide itself into ventral segments separated by 
nodes. By damping the centre of the wire we make that 
point a node. The pulses here run from both ends, meet 
in the centre, recoil from each other, and return to the 
ends, where they are reflected as before. The note pro- 


Fia. 82 . 



duced is the octave of the fundamental note. The next 
higher note correspo?ids to the division of the wire into 
three vibrating segments, separated . from each other by 
two nodes. The first of these three modes of vibration is 
shown in fig. 82, a and b ; the second at c and d ; the 
third at e and /; the nodes being marked by dotted^ 
transverse lines, and the arrows in each case pointing out 
the direction in which the pulse moves. The rates of 
vibration follow the order of the numbers, 1, 2, 3, 4, 5, 
&c., just as in the case of a wire vibrating transversely. 

A rod or bar of wood or metal, with its i wo ends'fl^ed, 
and vibrating longitudinally, divides itself in the same 
manner as the wire. The succession of tones is also thfe* 
same in both cases. 
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§ 3. Longitudinal Vihrations of Rods fixed at one end: 

Musical Instruments formed on this 

Kods and bars with one end fixed are also capable of 
vibrating longitudinally. A smooth wooden or metal rod, 
for example, with one of its ends fixed in a vice, yields a 
musical note, when the resined fingers are passed along it. 
When such a rod yields its lowest note, it simply elon- 
gates and shortens in quick alternation ; there is, then, 
no node upon the rod. The pitch of the note is inversely 
})roportional to the length of the rod. This follows neces- 
sarily from the fact that the time of a complete vibration 
is the time required for the sonorous pulse to run twice, to 
and fro, over the rod. The first overtone of a rod, fixed at 
one end, corresponds to its division by a node at a point 
one-third of its length from its free end. Its second over- 
tone corresponds to a division by two nodes, the liighest 
of which is at a point one-fifth of the length of the rod from 
its free end, the remainder of the rod being divided into 
two e(iUi«l parts by the sec.)nd node. In fig. 83, at a and 

i, c and (Z, e and /, are 
shown the conditions of 
the rod answering to its 
first three modes of vibra- 
tion: the nodes, as before, 
are marked by dotted 
lines, the arrow's in the 
respective cases mark- 
ing the direction of the 
pulses. 

order of the tones of a rod fixed at one end and 
vibrSling longitudinally is that of the odd numbers 1, 3, 
7, &c. It is easy to see that this must be the case, 
i or the time of vibration of c or cZ is that of the segment 
above the dotted line: and tife lei^gth of this segment 
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being only one-third that of the whole rod, its vibrations 
must be three times as rapid. The time of vibration in 
g or / is also that of its „ 

highest segment, and as 
this segment is one-fifth 
of the length of the 
whole rod, its vibrations 
must be five times as 
rapid. Thus the order 
of the tones must be that 
of the odd numbers. 

Before you, fig. 84, 
is a musical instrument, 
the sounds of which are 
due to the longitudinal 
vibrations of a number 
of deal rods of different 
Passing the 
resined fingers over the 
rods in succession* a series 
of notes of varying pitch 
is obtained. An expert 
performer might rerTder 
the tones of this instrument very pleasant to you, 

§ 4. Vibratiom o/ RodS free at both ends. 

Kods with both ends f ree are aljo capable of vibrating 
longitudinally, and producing musical tones. The investi- 
gation of this subject wilj lead us to exceedingly important 
results. Clasping a long glass tube exactly at its centre, 
and passing a wetted cloth over one of its halves, ,^lear 
musical sound is the result. A solid glass rod of the same 
length would yield the same note. • In this case the centra 
of the tube is* a node, and the two halvtJs elongate and 
shorten in quick altematidh. M. Konig of Paris has pro- 
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vided us with an instrument which will illustrate this 
action. A rod of brass, a b, fig. 85, is held at its centre 
by the clamp, s, while an ivory ball, suspended by two 
strings from the points, m and of a wooden frame, is 
caused to rest against the end, 6, of the brass rod. Drawing 
gently a bit of resined leather over the rod near ct, it is 
thrown into longitudinal vibration. The centre, s, is 
node ; but the uneasiness of the ivory ball shows you that 
the end, 6, is in a state of tremor. I apply the rubber 

Fig. 85 . 



still more briskly; The ball, 6, rattles, and now the 
vibration is so intense, that the feall is rejected with. 
Violence whenever it . comes into contact with the end of 
the rod. 

t • 

%■ 

§ 5. Fracture Glass Tube by Sonorous 
VibratUms. 

When the wetted cloth is p^^sed over the surface of 
a glass tube the film of liquid left behind by the cloth 
is se^ forming^ narrow tremulous rings all along the rod. 
Now, this shivering of the liquid is due to the shivering of 
the glass underneath itT, and it is possible so to augment 
the intensity of the vibration that the glass shall actually 
go to pieces. • Savart was the ffrst to show this. Twice 
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in this place I have repeated this experiment, sacrificing 
in each case a fine glass tube 6 feet long and 2 inches in 
diameter. Seizing the tube at its centre c, fig. 86, I 
swept my hand vigorously to and fro along c D, until 



finally the half most 
distant from my hand 
was shivered into an- 
nular fragments. On 
examining these it was 
found that, narrow as 
they were, many of 
them were marked by 
circular cracks indi- 
cating a still more 
minute subdivision. 

In this case also 
the rapidity of vibra- 
tion is inversely pro- 
portional to the length 
of the rod. A rod 
of half the length vi- 
brates longitudinally 
with double the ra- 



pidity, a rod of one- 
third the lei^th with 
treble the rapidity, and 
so on. The time of 
a complete vibration 
being *that required 
by the pulse to travel 
to and fro over the 


rod, and that time 


being directly propor- 
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tional to the length of the rod, the rapidity of vibration 
must, of necessity, be in the inverse proportion. 
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This division of a rod by a single node at its centre 
corresponds to the deepest tone produced by its longi^ 
tudinal vibration. But, as in all other cases hitherto 
examined, such rods can subdivide themselves further. 
Holding the long glass rod a c, fig. 87, at a point &, mid- 
way between its centre and one of its ends, and rubbing 
its short section, a 6, with a wet cloth, the point h be- 
comes a node, a second node, d, being formed at the same 
distance from the opposite end of the rod. Thus we have 
the rod divided into three vibrating parts, consisting of 
one whole ventral segment, b cZ, and two half ones, a b 
and d e. The sound corresponding to this division of the 
rod is the octave of its fundamental note. 

You have now a means of checking me. For, if the 
second mode of division just described produces the octave 
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of the fundamental -note, and if a rod of half the length 
produces the same octave^ then the whole rod held at a 
point one-fourth of its length from one of its ends ought 
to emit the same note ,as the half rod held in the middle. 
When both notes are sounded together, they are heard to 
be identical in pitch. , 

Fig. 88, a and 6, c and e and /, shows the three first 
divisions of a rod free at both ends and vibrating longitu- 
dinafly. The nodes, as before, are marked by transverse 
(Jpts, the direction of the pulses being shown by arrows. 
The order of the tones is that of the numbers 1, 2, 3, 
4, &c. 
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§ 6. Action of Sonorous Vibrations on Polarised Light. 

When a tube or rod vibrating longitudinally yields its 
fundamental tone, its two ends are in a state of free vibra- 
tion, the glass there suffering neither strain nor pressure. 
The case at the centre is exactly the reverse; here there 
is no vibration, but a quick alternation of tension and 
compression. When the sonorous pulses meet at the centre 
they squeeze the glass ; when they recoil they strain it. 


Fm. 89. 



17ius vjhile at the ends we ha^^e the maximmn of vibra- 
tion^ hut no cho/nge of density^ at the centre we have 
maximum changes of dejtsity, hvjt no vibration. 

We have now cleared the way for the introduction of a 
very beautiful experiment made many years ago by Biot, 
but never, to my knowledge, repeated on the scale here 
presented to you. The beam from our^ electric l^p, L, 
tig. 89, being sent through a Nicol’s prism, n, a beam of 
polarised light is obtained. Th’is beam impinges on^a 
second prism, n, but, though both prisfcs are perfectly 
transparent, the light wfiich has passed through the first 
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cannot get through the second. By introducing a piece 
of glass between the two prisms, and subjecting the glass 
to either strain or pressure, in the proper direction, the 
light is enabled to pass through the entire system. 

I now introduce horizontally between the prisms B and 
n a rectangle, s s', of plate glass, 6 feet long, 2 inches 
wide, and ^ of an inch thick, the planes of vibration of the 
prisms being oblique to the horizon. The beam from L 
passes through the glass at a point near its centre, which is 
held in a vice, c, so that when a wet cloth is passed over 
one of the halves, c of the strip, the centre will be a 
node. During its longitudinal vibration the glass near the 
centre is, as already explained, alternately strained and 
compressed ; and this successive strain and pressure so 
changes the condition of the light as to enable it to pass 
through the second prism. The screen is now dark ; but on 
passing the wetted cloth briskly over the glass a brilliant 
disc of light, three feet in diameter, flashes out upon the 
screen. The vibration quickly subsides^ and the lumin- 
ous disc fts quickly disappears, to be, however, revived at 
will by the passage of the w’^ettejd cloth along the glass. 

The light of tlfis disc appears to^be continuous, but it 
is really inter mitt eijt, for it is only when the glass is 
under strain or pressure that the light can get through. 
In passing from strain te^pressure, and from pressure to 
strain, the glass is for a moment in its natural state, which, 
if it continued, would*leave the screen dark. But the 
impressions of brightness, due to the strains and pressures, 
remain far longer upon the retina than is necessary to 
abolish the intervals of darkness ; hence the screen appears 
illuniijjated by ^ continuous light. When the glass rect- 
angle is shifted so as to cause the beam of polarised light 
tQ pass through it close* to its end, s, the longitudinal vi- 
brations of the* glass have no effect whatever upon the 
polarised beam. 
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Thus, by means of this subtle investigator, we demon- 
strate that while the centre of the glass, where the vibra- 
tion is nil, is subjected to quick alternations of strain and 
pressure, the ends of the rectangle, where the vibration is 
a maximum, suffer neither.^ 

§ 7. Vibrations of Rods of Wood : determination of 
Relative Velocities in different woods. • 

Rods of wood and metal also yield musical tones when 
they vibrate longitudinally. Here, however, the rubber 
employed is not a wet cloth, but a piece of leather covered 
with powdered resin. The resined fingers also elicit the 
music of the rods. The modes of vibration here are those 
already indicated, the pitch, however, varying with the 
velocity of the sonorous pulse in the respective substances. 
When two rods of the same length, the one of deal, the 
other of Spanish mahogany, are sounded together, the 
pitch of the one is much lower than that of the other. 
Why ? simply because the sonorous pulses pass more 
slowly through the mahogany than through tlie deal. 
Can we find the relative velocity of sound through both ? 
With the greatest ease. We have only to carefully shorten 
the mahogany rod till it yields the snme note as the deal 
one. ,The notes, rendered approximate by the first trials, 
are now identical. Through tl^is rod of mahogany 4 feet 
long, and through this rod of deal 6 feel, long, the sound-* 
pulse passes in the same time, and these numbers express 
the relative velocities of sound through the two sub- 
stances. • 

Modes of investigation, which could only be hinted at 
in our earlier lectures, are now falling naturally int%our 
hands. When in the first lecture the velocity of sound in 

9 

* Tins experiment succeeds almost equally well with a glass tube. The 
coloured rings of a concave ^hite selenite may be reversed by the sound- 
ing strip of glabs. 
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air was spoken of, many possible methods of determining 
this velocity must have occurred to your minds, because 
here we have miles of space to operate upon. Its velocity 
through wood or metal, where such distances are out of 
the question, is determined in the simple manner just in- 
dicated. From the notes which they emit when suitably 
prepared, we may infer with certainty the relative veloci- 
ties of sound through different solid substances ; and de- 
termining the ratio of the velocity in any one of them to 
its velocity in air, we are able to draw up a table of abso- 
lute velocities. But how is air to be introduced into the 
series ? We shall soon be able to answer this question, 
approaching it, however, through a number of phenomena 
with which, at first sight, it appears to have no con- 
nection. 


RESONANCE. 

§ 8. Experiments tvith Resonant Jars. A nalysis 
• and Explanation. 

The series of tuning-forks now before you have had 
their rates of vibration determined by the syren. One, 
you will remember, vibrates 256 times in a second, the 
length of its sonorous wave being 4 feet 4 inches. It is 
detached from its case, sq that when struck against a pad 
« you hardly hear it. When held over this glass jar, A B, 
fig. 90, 18 inches deep, you still fail to hear the sound of 
the fork. Preserving the fork in its position, I pour vrater 
vrith the least possible noise into the jar. The column of 
air underneath the fork shortens, the sound augments in 
intepsity, and^when the water has reached a certain level 
it bursts forth with extraordinary power. A greater quan- 
•tity of water causes the sound to sink, and become finally 
inaudible, as at first. By pouring the water carefully out 
a point is reached where the reinforcement of the sound 
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again occurs. Experimenting thus, we learn that there is 


one particular length 
of the column of air 
which, when the fork 
is placed above it, 
produces a maximum 
augmentation of the 
sound. This reinforce- 
ment of the sound is 
named resonance. 

Operating in the 
same way with all the 
forks in succession, a 
column of air is found 
for each which yields 
a maximum resonance. 
These columns become 
shorter as the rapidity 
of vibration increases. 


Ficj. 90 . 



In fig. 91, the series of jars is represented, the nvtmber of 


vibrations to which each re- 
sounds being placed abQveit. 


What is the physical 
meaning of this very won- 
derful effect ? To solve this 
question we must revive our 
knowledge of the relation 
of the motion of the fork 
itself to the motion of the 
sonorous wave produced by 
the fork. Supposing a prong 



of this fork, which executes 256 vibrations in a second, 


to vibrate between the points a and 6, fig. 92. In its- 
motion from a to b the fjrk generates half a sonorous 
wave^ and as the length of the whole wave emitted by 
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this fork is 4 feet 4 inches, at the moment the prong 
reaches h the foremost point of the sonorous wave will be 
at C, 2 feet 2 inches distant from the fork. The motion 
of the wave, then, is vastly greater than that of the fork. 

Fig. 92 . 

/t b 

: I i ; I ; 26 inches ->C 


V 

In fact, the distance ft h is, in this case, not more than one- 
twentieth of an inch, while the wave has passed over a 
distance of 26 inches. With forks of lower pitch the 
difference would be still greater. 

Our next question is, what is the length of the column 
of air which resounds to this fork ? By measurement with 
a tw^o-foot rule it is found to be 13 inches. But the length 
of the wave emitted by the fork is 52 inches ; hence the 
^ length of the column of air which 
resomids to the fork is equal to one-- 
— * fourth of the length of the sound-^ 
rvave produced hy the fork. This 
rule is general, and might be illus- 
trated by any other of the forks 
instead of this one. 

Let the prong, vibrating between 
the limits ft and 6, be placed over its 
resonant jar, A B, fig. 93. In the time 
required by the prong to move from 
C* to 6, the condensation it produces 
runs down to the bottom of the jar, 
is there reflected, and, as thedistapce to the bottom and 
back is 26 inches, the reflected wave will reach the fork 
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at the moment when it is on the point of returning from 
b to a. The rarefaction of the wave is produced by the 
retreat of the prong from b to a. This rarefaction will 
also run to the bottom of the jar and back, overtaking the 
prong just as it reaches the limit, a, of its excursion. It 
is plain from this analysis that the vibrations of the fork 
are perfectly synchronous with the vibrations of the aerial 
column A B ; and in virtue of this synchronism the motioik 
accumulates in the jar, spreads abroad in the room, and 
produces this vast augmentation of the sound. 

When we substitute for the air in one of these jars a 
gas of different elasticity, we find the length of the re- 
sounding column to be different. The velocity of sound 
through coal-gas is to its velocity in air about as 8 : 5. 
Hence, to synchronise with our fork, ajar filled with coal- 
gas must be deeper than one filled with air. I turn this 
jar, 18 inches long, upside down, and hold close to its 
open mouth our agitated tuning-fork. It is scarcely aud- 
ible. The jar, with air in it, is 5 inches too deep for this 
fork. Let coal-gas’ now enter the jar. As it ascends the 
note at a certain point swells out, proving that for the 
more elastic gas a depth of 18 inches is not too great. In 
fact, it is not great enough ; for if too much gas be allowed 
to enter the jar the resonance is weakened. By suddenly 
turning the jar upright, still holding the fork close to its 
mouth, the gas escapes, and at the point of proper admix- ^ 
ture of gas and air the note swells out again. ^ Guided by 
these principles Professor George Forbes has devised a 
very elegant little instrument for the detection of fire- 
damp. From the length of the column which resounds to 
a tuning-fork of definite pitch, he infers the percentage of 
marsh gas in the air of the mine. * ^ 

* This experiment is more easily executed witli hydrogen tlian with » 
coal-gas. * 
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§ 9. Reinforcement of Bell by Resonance. 

This fine sonorous bell, fig. 94, is thrown into intense 
vibration by the passage of a resined bow across its edge. 
You hear its sound, but it is not very forcible. When, 
however, the open mouth of a large tube, closed at one 
end, is brought close to one of the vibrating segments of 
the bell, the tone swells into a musical roar. As the tube 
is alternately withdrawn and advanced, the sound sinks 
and swells in an extraordinary manner. 

A second tube, open at both ends, is capable of being 
lengthened and shortened by a telescopic slider. When 


94 . 



^ brought near the vibrating bell, the resonance is feeble. 
On lengthening the tube by drawing out the slider, at a 
certain point the tone swells out as before. If the tube be 
made longer, the resonance is again enfeebled. Note the 
fact, which shall be explained presently, that the open 
tub- which gi\ies the maximum resonance is exactly twice 
the length of the closed one. For these fine experiments 
^we are indebted to Savart. 
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§ 10. Expenditure of Motion in Resonance, 

With the india-rubber tube employed in our third 
chapter it was found necessary to time the impulses pro- 
perly, so as to produce the various ventral segments. I 
could then feel that the muscular work performed, when 
the impulses were properly timed, was greater than when 
they were irregular. The same truth may be illustrated 
by a claret glass half filled with water. Endeavour to 
move your hand to and fro in accordance with the oscil- 
lating period of the water: when you have thoroughly 
established synchronism, the work thrown upon the hand 
apparently augments the weight of the water. So like- 
wise with our tuning-fork ; when its impulses are timed 
to the vibrations of the column of air contained in this 
jar, its work is greater than when they are not so timed. 
As a consequence of this the tuning-fork comes sooner to 
rest when it is placed over the jar than when it is permit- 
ted to vibrate either in free air, or over a jar of a depth 
uiisuited to its periods of vibration.^ 

Keflecting on what we have now learned, you would 
liave little difficulty jn solving the following beautiful 
problem: — You are provided with » tuning-fork and a 
syren, and are required by means of these two instruments 
to determine the velocit'y of soiind in air. To solve this 
problem, you lack, if anything, the mere power of mani-* 
pulation which practice imparts. ¥ou would first deter- 
mine by means of the syren the number of vibrations 
executed by the tuning-fork in a second ; you would then 
determine the length of the column of air which resounds 
to the fork. This length multiplied by 4 would give you, 

* Only an extremely small fraction of the fork’s motion is, however 
converted into souirtl. The remainder is expended in overcoming the in- 
ternal friction of its own particles^ In other words, nearly the whole of 
the motion is converted into^heat. 
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approximately, the wave-length of the fork, and the wave- 
length, multiplied by the number of vibrations in a second, 
would give you the velocity in a second. Without quitting 
your private room, therefore, you could solve this impor- 
tant problem. We will go on, if you please, in this fashion, 
making our footing sure as we advance. 

§11- Resonators of Helmholtz, 

Helmholtz has availed himself of the principle of re- 
sonance in analysing composite sounds. He employs little 

hollow spheres called reso- 
nators^ one of which is 
shown in fig. 94a. The 
small projection 6, 'which 
has an orifice, is placed in 
the ear, while the sound- 
waves enter the hollow 
sphere through the 'wide 
aperture ^at a, Keinforced 
by the resonance of such a cavity, and rendered thereby 
more powerful than its companions, a particular note of a 
composite clang may be in a measure isolated and studied 
alone. 



organ-pipes. 

§ 12. Principles of Resonance applied to Organ-Pipes, 

Thus disciplined we are prewired to consider the sub- 
ject of organ-pipes, which is one of great importance. 
Before me on the table are two resonant jars, and in my 
rigi^t hand and my left are held two tuning-forks. I agi- 
tate both, and hold thtoi over this jar. One of them only 
is heard. Held over the other jar, the other fork alone 
is heard. Each jar selects tlfat fork whose periods of 
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vibration synchronise with its own. And instead of two 
forks, suppose several of them to be held over the same 
jar ; from the confused assemblage of pulses thus gene- 
rated, the jar would select and reinforce that one which 
corresponds to its own period of vibration. 

When I blow across the open mouth of the jar ; or, 
better still, for the jar is too wide for this experiment, when 
I blow across the open end of a glass tube, t u, fig. 95, ©f 
the same length as the jar, a fluttering of the air is thereby 
produced, an assemblage of pulses at the open mouth of the 
tube being generated. And what is the con- 
sequence ? The tube selects that pulse of 
the flutter which is in synchronism, vrith it- 
self, and raises it to a musical sound. The 
sound, you perceive, is precisely that obtained 
when the proper tuning-fork is placed over 
the tube. The column of air within the tube 
has, in this case, virtually created its own 
tuning-fork ; for by the reaction of its pulses 
upon the sheet of air issuing from the lips it 
has compelled that sheet to vibrate in syn- 
chronism with itself, and made it thn^ act 
the part of the tuning-fork. ^ 

Selecting for each of the other tuning- 
forks a*resonant tube, in pvery ci^se, on blow- 
ing across the open end of the* tube, a tone 
is produced identical in pitch with that obtained through 
resonance. 

When different tubes, are compared, the rate of vibra- 
tion is found to be inversely proportional to the length of 
the tube. These three tubes are 24, 12, and 6 inches long, 
respectively. I blow gently across the 24-inch tube,^nd 
bring out its fundamental note ; sihiilarly treated, the 12-^ 
inch tube yields’ the octave of the note of th*e 24-inch. In 
like manner the 6-inch tufie yields the octave of the 12- 
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inch. It is plain that this must be the case ; for the rate 
of vibration depending on the* distance which the pulse 
has to travel to complete a vibration, if in one case this 
distance be twice what it is in another, the rate of vibra- 
tion must be twice as slow. In general terms the rate of 
vibration is inversely proportional to the length of the 
tube through which the pulse passes. 

§ 13. VihratiouH of Stopped Pipes : modes of division : 

Overtones. 

'But that the current of air should be thus able to ac- 
commodate itself to the requirements of the tube, it must 
enjoy a certain amount oi flexibility. A little reflection 
will show you that the power of the reflected pulse over 
the current must depend to some extent on the force of 
the current. A stronger current, like a more powerfully 
stretched string, requires a greater force to deflect it, and 
when deflected vibrates more quickly. Accordingly, to 
obtain the fundamental note of this 24-inch tube, we 
must blow very gently across its open end ; a rich, full, 
and forcible musical tone is then produced. With a little 
stronger blast the sound approaches a mere rustle ; blow- 
ing stronger still, a tone is obtained of much higher pitch 
than the fundamental one. This is the first overtone of 
^lie tube, to produce which the column of air has divided 
itself into two vibrating parts, with a node between them. 
With a still stronger blast a still higher note is obtained. 
The tube is now divided into three vibrating parts, separ- 
ated from each other by two nodes. Once more I blow 
with sudden strength ; a higher note than any before 
obt&ined is the^ consequence. 

^ In fig. 96 are represented the divisions of the column 
of air corresponding to the first three notes of a tube 
stopped at one end. At a and*6, which correspond to the 
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fundamental note, the column is undivided; the bottom of 
the tube is the only node, and the pulse simply moves up 
and down from top to bottom, as denoted by the arrows. 
In c and d!, which correspond to the first overtone of the 
tube, we have one nodal surface shown by dots at oj, 
against which the pulses abut, and from which they are 
reflected as from a fixed surface. This nodal surface is 
situated at one-third of 
the length of the tube 
from its open end. In 
. e and /, which correspond 
to the second overtone, 
we have two nodal sur- 
faces, the upper one, x\ 
of which is at one-fifth 
of the length of the tube 
from its open end, the 

remaining four-fifths being divided into tw^o equal parts 
by the second nodal surface. The arrows, as before, mark 
the directions of the pulses. , • 

We have now to inquire into the relation of these 
successive notes to each other. The space from node to 
node has been calleS all through ‘a ventral segment’; 
hence the space between the middle, of a ventral segment 
and a node is a semi-ventral segment. You will readily 
bear in mind the law, that ^te ivwmber of vihratioT^ 
is directly 'proportional to the nmnber of semi-central 
segments into which the column of air within the tube is 
divided. Thus when the fundamental note is sounded, we 
have but a single semi-ventral segment, as at a and 6. The 
bottom here is a node, and the open end of the tube, where 
the air is agitated, is the middle of a 'Central segiftient. 
The mode of division represented in c and d yields thr^e 
serni-ventral Segments ; in e and / we have five. The vi- 
brations, therefore, cwrre^oiiding to this series of notes, 
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augment in the proportion of the series of odd numbers, 
1 • 3 : 5. And could we obtain still higher notes, their 
relative rates of vibration would continue to be represented 
by the odd numbers, 7, 9, 11, 13, &c. &c. 

It is evident that this must be the law of succession. 
For the time of vibration in c or ci is that of a stopped 
tube of the length x y ; but this length is one-third of the 
leilgth of the. whole tube, consequently its vibrations must 
be three times as rapid. The time of vibration in e or/ is 
that of a stopped tube of the length a?' t/', and inasmuch as 
this length is one-fifth that of the whole tube, its vibra- 
tions must be five times as rapid. We thus obtain the 
succession 1, 3, 5, and if we pushed matters further 
we should obtain the continuation of the series of odd 
numbers. 

It is now once more in your power to subject my 
statements to an experimental test. Here are two tubes, 

one of which is three times 
the length of the other. I 
sound the fundamental note 
of the longest tube, and 
then the next note above 
the fundamental. The vi- 
brations of these two notes 
are stated to be in the*^ ratio 
of 1 : 3. This latter note, 
therefore, ought to be of precisely the same pitch as the 
fundamental note of the shorter of the two tubes. When 
both tubes are sounded their notes are identical. 

It is only necessary to place a series of such tubes of 
different lengthy thus together to form that ancient instru- 
ment, Pan’s pipes, p p', fig. 97, with which we are so well 
afjquainted. 

The successive divisions, and the relation of the over* 
tones of a rod^fixed at one end if described in p. 163), are 
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plainly identical with those of a column of air in a tube 
stopped at one end, which we have been here consider- 
ing. 

14. Yihration^ of 0pm Pipes: inodes of division: 

Overtones. 

From tubes closed at one end, and which, for the sflke 
of brevity, may be called stopped tubes, we now pass to 
tubes open at both ends, which we shall call open tubes. 
Compiring, in the first instance, a stopped tube with an 
open one ‘of the same length, we find the note of the latter 
an octave higher than that of the former. This result is 
general. To make an open tube yield the same note as a 
•closed one, it must be twice the length of the latter. And 
since the length of a closed tube sounding its fundamental 
note is one-fourth of the length of its sonorous wave, the 
length of an open tube is one-half that of the sonorous 
wave that it produces. 

It is not easy to obtain a sustained musical note by 
blowing across the end of an open glass tube ; but a mere 
puff of breath across the end revealfi the pitch to the 
disciplined ear. In each case it iiiithat of a closed tube 
half the length of the open one. 

I'here are various ways of ^ihiting the air at the ends 
•of pipes and tubes so as to tTirow the air-columns within 
them into vibration. In organ-pipes this is done by blow- 
.ing a thin sheet of air against a sharp edge. You will 
have no difficulty in understanding the construction of an 
organ-pipe, open at the top, from this model, fig. 98, one 
side of which has been removed so that^ you may see its 
inner parts. Through the tube t the air passes from the 
wind-chest into the chamber, c', which is closed abo’^ie, 
save a narrow slit, e d, through which the compressed air 
of the chamber issued, 'fhis thin air current breaks against 
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the sharp edge, a 6, and there 
produces a fluttering noise, and 
the proper pulse of this flutter 
is converted by the resonance 
of the pipe above into a mu- 
sical sound. The open space 
between the edge, a &, and the 
slit below it is called the 
emboiichiire. Fig. 99 repre- 
sents a stopped pipe of the 
same lengtli as that shown in 
fig. 98, and hence producing 
a note an octave lower. 

Instead of a fluttering sheet 
of air, a tuning-fork whose rate 
of vibration synchronises with 
that of the organ pipe may be 
placed at the embouchure, as 
at A », fig. 100. The pip6 will 
resound. Here, for example, 
arejfour open pipes of different 
lengths, and four tiiTting-forks 
of different rates of vibration. 
Striking the most slowly vi- 
brating fort:, and 'bringing it 
near the embouchure of the 
longest pipe, the pipe speaks 
powerfully. When blown into, 
the same pipe yields a tone 
identical with that of the tun- 
jfeg-fork. Grbing through all 
the pipes in succession, we 
find, in each case, that the n^te 
obtained by blowings into the 
pipe is exactly that produced 
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when the proper tuning-fork is placed at the embouchure. 
Conceive now the four forks placed together near the 
same embouchure ; we should have pulses of four dif- 
ferent periods there excited; but out of the four the 
pipe would select only one. And if four hundred vibra- 
ting forks could be placed there instead of four, the 
pipe would still make the proper selection. This it also 
does when for the pulses of tuning-forks w’e substittite 
the assemblage of pulses 
created by the current of air 
when it strikes against the 
sharp upper edge of the 
embouchure. 

The heavy vibrating 
mass of the tuning-fork is 
practically uninfluenced by 
the motion of the air within 
the pipe. But this is not 
the case when jair itself is 
the vibrating body. Here, 
as before explained, the pipe 
creates, as it were, jts own 
tuning-fork,* by compelling ^ 
the fluttering stream at its 
embouchure to vibrate- in periods answering to its own. 

The condition of the air within an open organ-pipe 
when its fundamental note is S9unded is that of a rod 
free at both ends, held at its centre, and caused to vibrate 
longitudinally. The two ends are places of vibration, the 
centre is a node. Is there any way of feeling the vibrat- 
ing air-column so as to ,deterinine its nodes and its 
places of vibration ? The late excellent William Hopkins 
has taught us the following mode of solving this problejn. 
Over a little hoop is stretched a thin membrane, forming 
a little tambourine! Tfie front of this organ-pipe, P p'. 
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fig. 101, is of glass, through which you can see the position 
of any body wdthin it. By means of a string, the little 
tambourine, m, can be raised or lowered at pleasure 
through the entire length of the pipe. When held above 
the upper end of the pipe you hear the loud buzzing of 
the membrane. When lowered into the pipe it continues 
to buzz for a time ; the sound becoming gradually feebler, 
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and finally ceasing totally. It is now in 
the middle of the pipe, where it cannot 
vibrate, because the air around it is at 
rest. On lowering it still further, the 
buzzing sound instantly recommences, 


and continues down to the bottom of the 


pipe. Thus, as the membrane is raised 
and lowered in quick succession, during 
every descent and ascent, we have two 
periods of sound separated fi:om each 
other by one of silence. If sand were 
strevrn upon the membrane, it would 
dance above and below, but it vrould be 
quiescent at the centre. We thus prove 
experimentally, that when an organ-pipe 

sounds its fundamental note it divides 

« 

itself into tw^o semi-ventral segments 
separated by a node. “ 

What iS the condition of the air at 


this node ? Again that of the middle of 
a rod, free at both ends, and yielding the 
fundamental note^ of its longitudinal vi- 
bration. The pulses reflected from both 
ends of the rod, or of the column of air, 
meet^in the middle, and produce compression ; they then 
retreat and produce rarefaction. Thus, while there is no 
vibration in the centre of an organ-pipe, Ihe air there 
undergoes the greatest changes %f density. At the two 
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ends of the pipe, on the other hand, the air-particles 
merely swing up and down without sensible compression or 
rarefaction. 

If the sounding pipe were pierced at the centre, and 
the orifice stopped by a membrane, the air, when condensed, 
would press the membrane outwards, and, when rarefied, 
the external air would press the membrane inwards. The 
membrane would therefore vibrate in unison with %he 
column of air. The organ-pipe, fig. 102, is so arranged that 
a small jet of gas, 6, can be lighted opposite the centre 
of the pipe, and be there acted upon by the vibrations of 
a membrane. Two other gas jets, a and c, are placed 
nearly midway between the centre and the two ends of 
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the pipe. The three burners, a, 6, c, ifre fed in the follow- 
ing manner'; — Through the tube,/, the gas enters the 
hollow chamber, e from which issue three little bent 
tubes, shown in the figure, ejch communicating with a 
capsule closed underneath by the membrane. This is ki 
direct contact with the air of tlui organ-pipe. From the 
three capsules issue the three little burners with their 
flames, a, 6, c. , 

Blowing into the pipe so as to sound its fundamental 
note, the three flames are agitated, but Jhe central one is 
most so. Lowering the flames so as to render them very 
small, and blowing again, the central flame, 6, is ex- 
tinguished, while the others remain lighted. The experi- 
ment may be perforfned !ialf-a-dozen times in succession ; 
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the sounding of the fundamental note always quenches 
the middle flame. 

By blowing more sharply into the pipe, it is caused to 
yield its first overtone. The middle node no longer exists. 
At the centre of the pipe no variations of pressure now 
occur, while two nodes are formed midway between the 
centre and the two ends. But if this be the case, and 
if ^the flame opposite a node be always blown out, then, 
when the first overtone of this pipe is sounded, the two 
flames a and c ought to be extinguished, while the central 
flame remains lighted. This is the case. When the first 
harmonic is sounded the two nodal flames are infallibly 
extinguished, while the flame h in the middle of the 
ventral segment is not sensibly disturbed. 

There is no theoretic limit to the subdivison of an 
organ-pipe, either stopped or open. In stopped pipes we 
begin with 1 semi-ventral segment, and pass on to 3, 5, 
7, &c., semi-ventral segments ; the number of vibrations 
of the successive notes augmenting in. the same ratio. 
In open 'pipes we begin with 2 semi-ventral segments, 
and pass on to 4, 6, 8, 10, &c., the number of vibrations 
of the successive '“notes augmenting in the same ratio: 
that is to say, in the ratio 1 : 2 : 3 : 4 : 5, &c. When, 
therefore, we pass from the fundamental tone to the first 
overtone in an open pipe, ^ve obtain the octave of the fun- 
damental. When we make the same passage in a stopped 
pipe, we obtain a note a fifth above the octave. No inter- 
mediate modes of vibration are in either case possible. 
If the fundamental tone of a stopped pipe be produced 
by 100 vibrations a second, the first overtone will be pro- 
duced by 300 vibrations, the second by 500, and so on. 
Such a pipe, for example, cannot execute 200 or 400 
vibrations in a second. * In like manner the open pipe, 
whose fundamental note is produced by 100 vibrations a 
second, cannot vibrate 150 times in*a second, but passes, 
at a. jump, to 200, 300, 400, and^so on. 
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In open pipes, as in stopped ones, the number of 
vibrations executed in the unit of time is inversely pro- 
portional to the length of the pipe. This follows from 
the fact, already dwelt upon so often, that the time of 
a vibration is determined by the distance which the 
sonorous pulse has to travel to complete a vibration. 

In fig. 103, a and b (at the bottom) represent the 
division of an open pipe corresponding to its fundamerilal 
tone ; c and d represent the division corresponding to its 
first; f? and /the di- 
vision corresponding 
to its second over- 
tone, the dots mark- 
ing the nodes. The 
distance m n is one- 
half, o is one-fourth, 
and s ^ is one-sixth 
of the whole length 
of the pipe. But the 
pitch of a is that of 
a stopped pipe equal 
in length to m 71;^ 
the pitch of c is that 
of a stopped pipe of 
the length oj ) ; while 

the pitch of e is that of a stopped pipe of the length 
Hence, as these lengths are in the*ratio of i .• i ^ ^5 or as 
1 I i the rates of vibration must be as the reciprocals 
of these, or as 1 12 I 3. • From the mere inspection, there- 
fore, of the respective modes of vibration, we can draw the 
inference that the succession of tones of a|^ open pipe must 
correspond to the series of natural numbers. 

The pipe fig. 103, has been purposely drawn twioe 
the length of a, fig. 96 J[p. 179). It is perfectly mani- 
fest that to complete a vibration the pulse has to pass 
over the same distance in both* pipes, and h^nce that the 
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pitch of the two pipes must be the same. The open pipe, 
a Tij consists virtually of two stopped ones, with the central 
nodal surface at m as their common base. This shows 
the relation of a stopped pipe to an open one to be that 
which experiment establishes. 

§ 15. Velocity of Sound in Ouses^ Liquids, a/nd Solids, 
t detci'mined hy Musical Vibrations. 

We have already learned that the relative velocities of 
sound in different solid bodies may be determined from 
the notes which they emit when thrown into longitu- 
dinal vibration. It w^as remarked at the time, that to 
draw up a table of absolute velocities we only required 
the accurate comparison of the velocity in any one of 
those solids with the velocity in air. We are now in a 
condition to supply this comparison. For we have learned 
that the vibrations of the air in an organ-pipe open at 
both ends are executed precisely as those of a rod free at 
both ends. Any difference of rapidity, therefore, between 
the vibrations of a rod, and of an open organ-pipe of the 
same length, must be due solely to the different velocities 
with which the sbnorous pulses are propagated through 
them. Take therefore an organ-pipe of a certain length, 
emitting a note of a certain pitch, and find the length of 
a rod of pine which yiel(^^ the same note. This length 
iwould be ten times that ck the organ-pipe, which would 
prove the yelocity of ^ound in pine to be ten times its 
velocity in air. But the jibsolute velocity in air at a 
temperature of 0° C. is 1,090 feet a second; hence the 
absolute velocity in pine is 10,900 feet a second, which is 
that given in our first chapter (p. 40). To the celebrated 
Chladni we are hidebted for this beautiful mode of de- 
termining the velocity of sound in solid bodies. 

We had also in our first lecture a table of the velocities 
of sound in other gases than air. * I am persuaded that 
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you could tell me, after due reflection, how this table was 
constructed. It would only be necessary to find a series 
of organ-pipes which, when filled with the different gases, 
yield the same note; the lengths of these pipes would 
give the relative velocities of sound through the gases. 
Thus we should find the length of a pipe filled with 
hydrogen to be four times that of a pipe filled with 
oxygen, yielding the same note, and this would prove tJie 
velocity of sound in the former to be four times its velocity 
in the latter. 

But we had also a table of velocities through various 
liquids. How was it constructed ? By forcing the liquids 
through properly constructed organ-pipes, and comparing 
their musical tones. Thus, in water it requires a pipe a 
little better than four feet long to produce the note of an 
air-pipe one foot long; and this proves the velocity of 
sound in water to be somewhat more than four times its 
velocity in air. My object here is to give you a clear 
notion of the wa^ in which scientific knowledge enables 
us to cope with these apparently insurmountable problems. 
It is not necessary to go into the niceties of these measure- 
ments. You will, however, readily colhprehend that all 
the experiments with gases might be^inade with the same 
organ-pipe, the velocity of sound in •each respective gas 
being •immediately deduced frqm the pitch of its note. 
With a pipe of constant length the pitch, or, in othea 
words, the number of vibrations, ^ould be directly pro- 
portional to the velocity. Thus, comparing oxygen with 
hydrogen, we should find the note of the latter to be the 
double octave of that of the former, w’hence we should 
infer the velocity of sound in hydrogen ^o be four times 
its velocity in oxygen. The same remark applies to 
experiments with liquids. Here also the same pipe may 
be employed tKroiighout, the velocities being inferred from 
the notes produced by th^ respective liquids. 
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In fact, the length of an open pipe being, as already 
explained, one-half the length of its sonorous wave, it is 
only necessary to determine, by means of the syren, the 
number of vibrations executed by the pipe in a second, 
and to multiply this number by twice the length of the 
pipe, in order to obtain the velocity of sound in the gas or 
liquid within the pipe. Thus, an open pipe 26 inches long 
and filled with air executes 256 vibrations in a second. 
The length of its sonorous wave is twice 26 inches, or 
feet: multiplying 256 by 4^-, we obtain 1,120 feet per 
second as the velocity of sound through air of the tem- 
perature of this room. Were the tube filled with carbonic 
acid gas, its vibrations would be slower: were it filled 
with hydrogen, its vibrations would be quicker; and apply- 
ing the same principle, we should find the velocity of 
sound in both these gases. 

So likewise the length of a solid rod free at both ends, 
.and sounding its fundamental note, is half that of the 
sonorous wave in the substance of the solid. Hence we 
have only to determine the rate of vibration of such a 
rod, and multiply it by twice the length of the rod, to 
obtain the velocity of sound in the substance of the rod. 
You can hardly fail ^to be impresse\i by the power which 
physical science has given us over these problems; nor 
will you refuse your admiration^to that famous old in- 
vestigator, Chladni, who tjtught us how to master them 
experimentally. 


REKDS AXD REED-PIPES. 

The construction of the syren, and our experiments 
with that instrument, are, no doubt, fresh in your recol- 
]ection. Its musical sounds are produced by the cutting 
up into puffs of a series of air-currents. The same 
purpose is effected by a vibrfitilvg reed, as employed in the 
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accordion, the concertina, and the harmonica. In these 
instruments it is not the vibrations of the reed itself 
which, imparted to the air, and transmitted through it to 
our organs of hearing, produce the music ; the function of 
the reed is consimctim^ not generative ; it moulds into 
series of discontinuous puffs that which without it would 
be a continuous current of air. 

Eeeds, if associated with pipes, sometimes command, 
and are sometimes commanded by, the vibrations of the 
column of air. When they are stiff they rule the 
column ; when they are flexible the column rules them. 
In the former case, to derive due advantage from the air- 
column, its length ought to be so regulated thrtt either its 

Pig. 104. 


A 
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fundamental tone or one of its overtones shall correspond 
to the rate of vibration of the I'ccd. A metal reed 
is shown in fig. 104, A and n, both in perspective and in 
section. It consists of a long;^flexible strip of metal, V v, 
placed in a rectangular orifice through which the current of 
air enters the pipe. The manner inw^hich a reed and pipe 
are associated is shown in fig. 105. The front, b c, of the 
space containing the flexible tongue is of glass, so that you 
may see the tongue within it. A conical pipe, A B, sur- 
mounts the reed.' The wite tv i, showiilpressing against 

* The illustrations of organ-pipes and reeds introduced here, and 
at p. 183, have been substantially copied from the excellent work of Helih- 
holtz. Pipes opening with hinges so as to show their inner parts were 
shown in the lecture. 
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the reed, is employed to lengthen or shorten it, and thus 
to vary within certain limits its rate of vibration. 

Seeds are of two kinds, the free reed and the heating 
reed. The former passes to and fro through the aperture 
without touching its sides. It is used in instruments 
of the harmonium and accordion class. The latter falls 
against the sides of the aperture, which 
it periodically closes and opens. The 
beating reed is used in the organ and 
in other instruments. In the organ the 
reed governs the pipe ; in the clarinet and 
oboe, which have flexible vrooden reeds, 
the pi];)e governs the reed. When a 
reed and its associated pipe synchronise 
perfectly, the sound is most pure and 
forcible ; a certain latitude, however, 
is possible on both sides of perfect 
synchronism. 

Perhaps the simplest illustration of 
the action of the reed commanded by its 
aerial column is furnished by a common 
w^i eaten straw’. At about an inch from 
a kn^ot, at I bury my pen-^knife in this 
straw, s 7 ', fig. 106, to a depth of about 
one-fourth of thtj straw’s diameter,** and, 
turning the blade flat, pass it upw’ards 
towarcjs the knot, thus raising a strip 
of the straw nearly an inch in length. 
This strip, r r', is to be our reed, and 
the straw itself is to be our pipe. It 
is now eight inches long. WJjen blown into, it emits this 
decidedly musical sound. When cut so as to make its 
length six inches, the pitch is higher ; with a length of 
four inches, the pitch is higher still; and with a length 
of two inches, the sound is very shrill indeed. In these 
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experiments the reed was compelled to accommodate it- 
self throughout to the requirements of the vibrating 
column of air. 

The clarionet is a reed pipe. It has a single broad 
tongue, with which a long cylindrical tube is associated. 
The reed end of the instrument is grasped by the lips, and 
by their pressure the slit between the reed and its frame 
is narrowed to the required extent. The overtones qf a 
clarionet are different from those of a flute. A flute is an 

Em. 106 . 


open pipe, a clarionet a stopped one, the end at which the 
reed is placed answering to the closed end of the pipe. 
The tones of a flute follow the order of the natural num- 
bers, 1, 2, 3, 4, &c., or of the even numbers, 2, 4, 6, 8, 
&c.; wdiile the tones of a clarionet follow the order of the 
odd numbers, 1 , 3, 5, 7, &c. The intermediate notes 
are supplied by opening the lateral orifices of the instru- 
ment. Sir C. Wheatstone was the first to inaljc known 
this difference between the flute and clarionet, and his 
results agree with the more thorough investigations of 
Helmholtz. In the •hautboy and bassoon we have two 
reeds inclined to each other at a. sfi^irp angle, with a slit 
between them, through which the air is urged. The pipe 
of the hailtboy is conical^ and i^s overtones are those of an 
open pipe — different, therefore, from those of a clarionet. 
The pulpy end of a straw of gretni corn may be split I y 
squeezing it, so as to fortn a double reed of this kind, and 
such a straw yields a musical tone. ' In the horn, trumpet, 
and serpent, the performer’s lips play the part of the reed. 
These instruments are formed of long coffical tubes, ^nd 
their overtones are those of an open organ pipe. The 
music of the older instruments of this class was limited to 
their overtones, the particfilar tone elicited depending on 
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the force of the blast and the tension of the lips. It is 
now usual to fill the gaps between the successive overtones 
by means of keys, which enable the performer to vary the 
length of the vibrating column of air. 

^ § 16. The Voice. 

^ The most perfect of reed instruments is the organ of 
voice. The vocal organ in man is placed at the top of the 
trachea or windpipe, the head of which is adjusted for the 
attachment of certain elastic bands which almost close the 
aperture. When the air is forced from the lungs through 
the slit which separates these vocal chorda^ they are 
thrown into vibration ; by varying their tension, the rate 
of vibration is varied, and the sound changed in pitch. 
The vibrations of the vocal chords are practically unaffected 
by the resonance of the mouth, though we shall after- 
wards learn that this resonance, by reinforcing one or the 
other of the tones of the vocal chords, influences in a 
striking manner the quality of the voice*. The sweetness 
and smoothness of the voice depend on the perfect closure 
of the slit of the glottis at regular intervals during the 
vibration. • 

The vocal chords *^may be illuminated and viewed in a 
mirror placed suitably at the back of the mouth, yaried 
experiments of this kind^^.have 'been executed by Sig. 
fearcia.^ I once sought to project the larynx of M. 
Czermak upon a screen in. this room, but with only partial 
success. The organ may, however, be viewed directly in 
the laryngoscope ; its motions, in singing, speaking, and 
coughing, being strikingly visible. It is represented at 
rest* in fig. 107f The roughness of the voice in colds is 

^ * 1 owe it to this eminent artist to direct attention to his experiments 

communicated to the Royal Society in May 1855, and recorded in the 
rhiloaophical Magazine for 1855, vol. 218. 
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due, according to Helmholtz, to mucous flocculi, which 
get into the slit of the glottis, and which are seen by 
means of the laryngoscope. The squeaking falsetto voice 
with which some persons are afflicted, Helmholtz thinks, 
may be produced by the drawing aside of the mucous 
layer which ordinarily lies under 
and loads the vocal chords. Their 
edges thus become sharper, and 
their wesight less ; while their 
elasticity remaining the same, 
they are shaken into more rapid 
tremors. X^^e promptness and 
accuracy with which the vocal 
chords can change their tension, 
their form, and the width of the 
slit between them, to which must 
be added the elective resonance 
of the cavity of the mouth, renders the voice the most 
perfect of musical instruments. 

The celebrated comparative anatomist, John Muller, 
imitated the action of the vocal chords by means of bands 
of india-rubber. He closed the 
open end of a glass tube by two 
strips of this substance, leaving 
a slit*between them. On urging 
air through the slit, the baAls 
were thrown into vibration, and 
a musical tone produced. Helm- 
holtz recommends the form shown 
in fig. 108, where the tube, in- 
stead of ending in a section at right angles to its axis, 
terminates in two oblique sections, over ^hich the b&nds 
of india-rubber are drawn. The -easiest mode of obtain- 
ing sounds froln reeds of this character is to roll round 
the end of a glass tube a •trip of thin india-rubber, leav- 
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ing about an inch of the substance projecting beyond the 
end of the tube. Taking two opposite portions of the 
projecting rubber in the fingers, and stretching it, a slit 
is formed, the blowing through which produces a musical 
sound, which varies in pitch, as the sides of the slit vary 
in tension. 


§ 17. Vowel Sounds. 

The formation of the vowel sounds of the human voice 
excited long ago philosophic enquiry. We can distinguish 
one vowel sound from another, while assigning to both 
the same pitch and intensity. What, then, is the quality 
which renders the distinction possible ? In the year 1769 
this was made a prize question by the Academy of St. 
Petersburg, and Kratzen stein gained the prize for the 
successfid manner in which, by mechanical arrangements, 
he imitated the vowel sounds. At the same time Von 
Kempelen, of Vienna, made similar and more elaborate 
experiments. The question was subsequently taken up 
by Mr. Willis, who succeeded beyond all his predecessors 
in the experimental treatment of the subject. The true 
theory of vowel sounds was first stated by Sir C. Wheat- 
stone, and quite recently they have been made the subject 
of exhaustive enquiry by Helmholtz. You will find* little 
tjifficulty in c(unprehendin|^ their origin. 

Mounted on the acoustic bellows, without any pipe 
associated with it, this free reed speaks in a forcible manner. 
When upon the frame of the reed a pyramidal pipe is fixed, 
you notice a change in the sound ; and by pushing my flat 
hand over the open end of the pipe, the similarity between 
the Sound then produced and that of the human voice is un- 
mistakable. Holding the palm of the hand over the end of 
the pipe so as to close it altogether, and then raising the 
hand twice in quick successioti, the word ‘mamma’ is 
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heard as plainly as if it were uttered by an infant. For 
this pyramidal tube I now substitute a shorter one, 
and with it make the same experiment. The ‘ mamma ’ 
now heard is exactly such as would be uttered by a child 
with a stopped nose. Thus, by associating with a vibrat- 
ing reed a suitable pipe, we can impart to the sound the 
qualities of the human voice. ^ 

In the organ of voice the reed is formed by the vocal 
chords, and associated with this reed is the resonant cavity 
of the mouth, which can so alter its shape as to resound,^ 
at will, either to the fundamental tone of the vocal chords 
or to any of their overtones. With the aid of the 
mouth, therefore, we can mix together the fundamental 
tone and the overtones of the voice in different propor- 
tions. Different vowel sounds are due to different ad- 
mixtures of this kind. Striking one of this series of 
tuning-forks, and placing it before my mouth, I adjust 
the size of that cavity until it resounds forcibly to the 
fork. Then, without altering in the least the ^ shape or 
size of my mouth, I urge air through the glottis. The 
vowel sound ‘ u ’ (o o in hoop) is producqji, and no other. I 
strike another fork, and placing it in front of the mouth, 
adjust the cavity to resonance. Tlfen removing the fork 
and ujging air through the glottis, the vowel sound ‘ o ,’ and 
it only, is heard. I strike a- Utiird fork, adjust my mouth 
to it, and then urge the air outwards ; the vowel sounS 
ah! and no other, is heard, jfn all these cases the 
vocal chords have been in the same constant condition. 
They have generated ' throughout the same funda- 
mental tone and the same overtones, the changes of sound 
which you have heard bein§ due solely tto the fact^that 
different tones in the different cases were reinforced 
by the resonance of the mouth. Donders first proveS 
that the mouth resound^ differently for the different 
vowjels. . 



198 LECTUEE V. 

In the formation of the different vowel sounds the 
resonant cavity of the mouth undergoes, according to 
Helmholtz, the following changes : — 

For the production of the sound ^ u ’ (o o in hoop), the 
lips must be pushed forward, so as to make the . cavity of 
the mouth as deep as possible, and the orifice of the mouth, 
by the contraction of the lips, as small as posible. This 
arrangement corresponds to the deepest resonance of 
which the mouth is capable. The fundamental tone itself 
of the vocal chords is here reinforced, while the higher 
tones retreat. 

The vowel Vo ’ requires a somewhat wider opening of 
the mouth. The overtones which lie in the neighbourhood 
of the middle h of the soprano come out strongly in the 
case of this vowel. 

When ‘Ah ’is sounded, the mouth assumes the shape 
of a funnel widening outwards. It is thus tuned to a 
note an octave higher than in the case of the vowel ‘ o.^ 
Hence, in sounding ‘Ah,’ those overtones are most 
strengthened which lie near the higher h of the soprano* 
As the mouth is in ^his case wide open, all the other over- 
tones are also heard, though feebly, t 

In sounding ‘ A ’ arfd ‘ e,’ the hinder part of the mouth 
is deepened, while the front of the tongue rises agaiast the 
gums and forms a tube ; this yields a higher resonance- 
tone, rising gradually from ‘ A ’ to ‘ E,’ while the hinder 
hollow space yields S, lower resonance-tone, which is 
deepest when ‘ e ’ is sounded. 

These examples sufficiently illustrate the subject of 
vowel sounds. We may blend in various ways the ele- 
mentary tints o# the solar sp*ectrum, producing innumer- 
able composite colours by their admixture. Thus also may 
elementary sounds be blended so as to produce all possible 
varieties of clang-tint. After having, resolved the human 
voice into ita constituent tones, Helmholtz was able to 
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imitate these tones by tuning-forks, and, by combining 
them appropriately together, to produce the sounds of all 
the vowels. 


§ 18. BdVa Telephone. 

Let a bar of iron be surrounded near one of its ends 
with a coil of wire, overspun with silk or cotton, and Jet 
the two naked ends of the coil be brought into good 
metallic contact. If, under these circumstances, one pole 
of a bar magnet be moved towards the surrounded end of 
the iron bar, then, during the forward motion of the mag- 
net, a current of electricity will run round the coil, and 
cease when the forward motion ceases. 

If the end of the magnet be moved away from the coil, 
then, during the time of its removal, a current will be 
evoked in the coil flowing in a direction opposed to that 
of the first one.' 

.Eeversing the position of things by placing a bar 
magnet, instead of the iron bar, within the coil, and a 
piece of iron, instead of the magnet, outside ; on causing 
the iron to approach the end of the lujjgnet and to retreat 
from it, two currents, opposed to each other in direction, 
will, as in the former case, be successively evoked. The 
quicker the to-and-fro motion, the quicker, of course, will 
be the generation and altemallon of the currents. 

A very slight motion suffices to produce such currents. 
Let one of the two prongs of a tuning-fork be placed in 
front of the bar magnet and coil.; on causing the fork tc 
sound by the passage "of a bow, its vibrations, howevei 
small, will excite alternating currents in the adjacent coil 
those excited by the approach of the prolg being opposec 
in direction to those excited by its retreat. 

• 

^ In a small sliilling volume, published by Longmans, and entitled Note, 
on Electricity, the generation and character of these * induced currents ’ an 
described. » 
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If the currents thus evoked by a tuning-fork, instead 
of being confined to a single coil, be carried round a second 
one provided with a second bar magnet, then the attraction 
exerted by that magnet on the adjacent prong of a second 
tuning-fork, will be subject to alternations corresponding 
to the currents flowing round the magnet. The prong will 
be alternately pulled and released by the magnet ; and if 
its period of vibration be the same as that of the fork which 
generates the currents, the second fork will sound in unison 
with the first. Through the intermediation of electric 
currents, the vibrations of the one fork are thus trans- 
mitted to the other. 

Thin plates and membranes readily respond to sono- 
rous vibrations. Sand, for example, strewn upon a 
stretched membrane is seen to shiver and dance when the 
voice acts upon the membrane. It is the capacity of the 
tympanic membrane to accept and transmit all the vibra- 
tions of the external air that enables us to hear the vast 
variety of sounds audible to us. If, ther^efore, a plate of 
iron of suftable thinness — a fenotype plate, for example — 
be placed in front of one of om* bar magnets, on projecting 
the voice against the plate, its vibrations will evoke currents 
like the tuning-fork, and these currents, transmitted to a 
second coil surrounding a second magnet, will reproduce, in 
a second thin plate of iroi^placed in front of the latter, 
a!l the vibrations impressed upon th? first. Through the 
intermediation of electric currents spoken words may be 
thus transmitted. This is the principle of BelPs telephone. 

Bell’s telephone, therefore, depends on the capacity of 
a thin iron plate to take up the vibrations of the human 
voicej on the capacity of a magnet to respond by slight 
changes of its magnetism^ to the vibrations of such a plate ; 
on the capacity of such changes to evoke elegtric currents 
corresponding to them in strengtl^ direction, and duration ; 
and, finally, on the capacity of these currents to be traps- 
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mitted to a distance, and there to reproduce vibrations 
exactly similar to those which gave the currents birth. 

Prior to Mr. Bell the generation of the currents here 
referred to, and the laws of their action, were subjects of 
familiar knowledge. It was well known that a slight 
motion of a bit of iron in presence of a magnet suffices to 
excite such currents, and that they could be transmitted to 
a distance at will. But nobody prior to Mr. Bell had alhy 
notion that such currents could be generated by vibrations 
so minute and complicated as those of articulate speech, 
or that they could be compounded and transmitted so as 
to reproduce it. y 

§ 19. Edison^ 8 Telephone. 

In the Edison telephone, sounds are also transmitted by 
the intermediation of electric currents, but these currents 
are generated and applied in a different manner. In 1879 
the performance pf the Edison telephone was illustrated 
in the theatre of the Koyal Institution. Thrbugh the 
kindness of Lord John Manners and of the Post Office 
authorities, a wire, passing through the*air from Albemarle 
Street to Piccadilly Circus, was placed at my service. 
The two ends of this wire being ‘connected with the 
public water-pipes at the resp^tive stations, a circuit was 
established through which a voltaic current could flow! 
In the circuit, at each end of the air-wire, was placed an 
ordinary carbon telephone (to be referred to immediately), 
into which the messages were spoken. But while the re- 
ceiver, at the Circus, of the messages sent from the Eoyal 
Institution, was a Bell’s magnetic teleph^e held to ^ the 
ear, the receiver at the Royal Institution was Edison’s loud- 
speaking telephone. The nephew of Mr. Edison, who bor® 
his name, was stationed at the Circus, while Mr. Adams 
operjated with the new instrument in Albemarle Street. 
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Passages from Shakspeare, Scott, Tennyson, Macaulay, and 
Bums, spoken by me through the carbon telephone, were 
received at the Circus, there repeated by Mr. Edison, and 
returned with an accuracy and loudness which enabled 
them to be heard throughout the theatre. Not only were 
selected phrases thus heard, but a poem of Emerson’s was 
read out here from beginning to end, and sent back line 
by*^ line with extraordinary fidelity and distinctness* 
Various expressions, moreover, following the quotations,, 
such as ^ Excellent ! ’ ^ Perfectly satisfactory ! ’ ^ Exceed- 
ingly good ! ’ were promptly returned and heard with 
amusing intensity by the audience. Perhaps the most 
striking illustration of the pliant power of the instrument 
was its capability to reproduce a whistled tune. Mr* 
Edison’s whistling at the Circus was heard in Albemarle 
Street almost as distinctly as if it had been produced upon 
the spot. After the lecture I quitted the theatre for a 
time, during which some members of the audience took 
my place. On my return I resumed the qarbon telephone^ 
and spok5 into it. Mr. Edison immediately detected the 
diflference of tone, and, on being asked who it was that 
now spoke, answered correctly. By this new instrument^ 
therefore, the varying^qualities of the human voice* are in 
a remarkable degree Veproduced. 

These extraordinary ^ects -were obtained with an 
apparatus so simple, and apparently so rude, that, without 
hearing the instrument, its alleged performance could 
hardly have been believed. I shall now endeavour in a 
familiar way to make clear both its construction and its 
action. Suppose the flat hand of an observer to be placed 
upon the surfacg of a rotating cylinder, the pressure being 
so regulated as to produce considerable friction between 
ayUnder and hand. Le{ the direction of the rotation be 
such that the friction shall draw the observer towards the 
cylinder, he, at the same time, poising his body so as to 
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resist the pull. If the surface of the cylinder were uni- 
formly smooth, a uniform frictional resistance would be 
experienced, the inclination of the observer’s body remain- 
ing constant. But supposing different parts of the sur- 
face to be of different degrees of smoothness, varying 
suddenly from the slipperiness of ice to the roughness of 
cartridge-paper and felt, it is plain that on passing from 
the rough and adherent surface to the slippery one there 
would be a sudden relaxation of the friction. The force 
previously exerted to prevent the body from falling for- 
wards would now cause it to fall backwards, until the hand 
had been again caught by another adherent portion of the 
surface. It is obvious that such a cylinder, rotating uni- 
formly, would, in virtue of its alternate slipping and biting, 
compel the observer’s body to vibrate to and fro. 

In the Edison telephone there is a small rotating 
cylinder, and a flat strip of metal, one end of which is 
pressed down upon the cylinder by a spring. The other 
end of this metal rubber is attached to the centre of a 
thin circular plate of mica about four inches in diameter. 
The cylinder is formed of powdered chalk, with which are 
mixed a little hydrate^of potash and acetate of mercury, the 
powder being squeezed to hardness by pressure in a cylin- 
drical.mould. Through the centre of ’the cylinder passes a 
metallic axis. This is’conncj^ed with one end of the 
secondary wire of a very small induction coil, the othef 
end of the wire being joined to the flat strip of metal above 
referred to. When moistened, the cylinder becomes to 
all intents and purposes* an electrolyte, every passage of a 
current producing an amount of decomposition exactly 
proportionate to the current*s strength an^ duration. , 

From a very small voltaic battery, a current was sent 
through the primary wire of the small induction coil, thenCfe 
through the carbon telejjhone held by me, onward to 
Picpadilly Circus, from which it returned uqder the earth 
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to Albemarle Street. As long as this current flowed 
without any variation of strength, no effect whatever was 
produced upon the Edison telephone. A hand turning the 
crank of the chalk cylinder experienced a uniform resist- 
ance, the mica plate being drawn inwards with a constant 
force. In the carbon telephones employed in these ex- 
j)eriments, a thin cake of fine petroleum lampblack was 
held betw’een two thin plates of platinum, on one of 
which the voice impinged. The alternate compression 
and relaxation of the lampblack, by varying the resist- 
ance, produced variations in the voltaic current corre- 
sponding to the vibrations of the voice. Every variation 
thus introduced into the primary current started an in- 
duced current in the small secondary coil, wdiile every 
such induced current produced its due amount of electro- 
chemical decomposition at the common surface of chalk 
cylinder and metallic rubber. Ey this decomposition a 
lubricant was liberated underneath the rubber, which 
immediately yielded, by slipping, to the tension of the 
mica plate. Each slip was of momentary duration, being 
followed by a frictional ‘ bite ’ which drew the mica dia- 
phragm inw^ards as before. Thus the vibrations of the 
voice — of its tones aifd overtones — wrere in the first place 
impressed upon the ^primary current, every variation of 
the latter being follow'ed Jjjy a proportionate discharge of 
fftcondary currents through the induction coil. By their 
electrolytic action these induced discharges produced and 
controlled the slipping of the metal rubber, causing it to 
vibrate longitudinally in accordance with the vocal vibra- 
tions. These were finally transferred, with their qualities to 
a sui;nrising extqnt intact, to i?he plate of mica, and thence 
to the surrounding air. The mica plate might, therefore, 
b^=5 regarded as a magnified tympanic mfiinbrane, the 
latter, like the plate, being drawji inwards by the bones of 
the ear. It inay seem amazing that the mica should, be 
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able to take up and reproduce with such intensity and 
distinctness the manifold vibrations involved in whistling 
and speaking ; but the wonder was anticipated by an 
artificer more ancient than Mr. Edison, in the construction 
of the tjntnpanum itself. 

The germinal observation, if we may use the term, from 
which the loud-speaking telephone has sprung, was, we 
believe, made by Mr. Edison in 1872, while experimept- 
ing on moist papers with a view to telegraphic applications. 
He then noticed the slipping by electrolysis which he has 
recently turned to such excellent account. The lubricant 
is probably hydrogen gas. 


§ 20. The Microphone. 

So far as it depends on the rapid changes of a voltaic 
current produced by variations of resistance, the principle 
of the microphone is the same as that of the carbon tele- 
phone. The microphone, however, is a different instru- 
ment, and is applied to different ends. It is tJie inven- 
tion of Professor Hughes. Let a spindle of carbon pointed 
at both ends be set upright, resting 'below in a cup of 
carbon and pr-evented from falling by an inverted cup of 
carbon at the top. The spindle must rest loosely in the 
cups, ‘So as to be sensitive to the slightest shake, whether 
produced acoustically or mecilanically. The two carboij 
cups which sustain the spindle are connected with the two 
poles of a small voltaic battery, with a telephone in its 
circuit. The current passes from one pole of the battery 
through the carbon spindle, returning thence through 
the telephone to the other pole. As long as no change 
occurs in the contact of the carbons, the Current remfains 
constant, and nothing is heard 7it the telephone. But 
the slightest sdiaking of the upright spindle alters the con- 
tact, and affects the curreht, the changes of which imme- 
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diately announce themselves upon the telephone. The 
shaking may be produced by the inaudible rolling of 
carriages in the street, by the voice, by the passage of a 
brush, or even by the walking of a heavy fly. Hence the 
name of the instrument. It must not be supposed that 
there is any magnifying of the sounds, as such ; the action 
is entirely due to the mechanical shaking of the carbons, 
wljich, by changing the strength of the current, changes 
correspondingly the force of the telephone magnet, causing 
it, by the varying strength of its attraction, to excite 
tremors in the thin plate of iron which, in BelPs tele- 
phone, is the proximate source of the sound. 


§ 21. The Phonofjmph. 

' We owe this instrument to the inventive genius of 
Mr. Edison. Fig. 109 re])resents a perspective view of the 
phonograph, and fig. 110 is a sectional diagram. 


Pig. 109. 



c is a cylinder' of brass having a spiral groove or screw 
cut tipon itd surface from end to end. It is mounted upon 
a spindle (well seen in fig. 109), whose length is rather more 
tkan three times that of the cylinder. At one end of the 
spindle is a winch handle, between which and the cylinder 
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a screw is cut of the same pitch as that upon the cylinder 
— viz. eight threads to the inch. The spindle turns in 
two brass bearings, one of which has an inside screw 
corresponding to the screw upon the spindle. 

A very thin sheet-iron diaphragm d d! (fig. 110) receives 
the operator\s voice. It is secured by means of a brass 
flange over a shallow cir- 
cular recess cut in the 
wooden frame f. In the 
middle of the recess is a 
round hole opening into 
the mouthpiece JVi. A 
short piece of hard steel 
wire, ground to a blunt 
point and carefully 
polished, is fixed per- 
pendiculai-ly to the iron diaphragm at its centre o. 

On the other side of the cylinder is the diaphragm 
which reproduces the sound of the voice. It is made of 
vegetable parchnient, and is stretched like a drum over 
the end of a piece of brass tube 1 inch long and 2| inches 
in diameter, fixed in the wooden fr^ane H. The steel 
point t is attached to \hc end of a stpel spring, its position 
coinciding with the centi-e of the circular opening in H. 
The light pine rod K, cranecting the parchment and the 
spring, abuts at the end next to the spring against a 
small pad of vulcanised india-rubbf?r, and at the other end 
carries a disc of thin sheet iron half an inch in diameter. 
The pressure of the spring is sufficient to render the 
diaphragm very slightly convex. 

The square frame f, carrying the thin iron diaphragm 
which receives the voice, is attached by hinges’to a piece of 
wood, which is connected rigidly with o, 0 again being coDi- 
nected by hinges B with x. By means of these hinges, and 
the screw s, the point & may be made to approach the 


Fig. 110. 




208 LECTURE \*: 

cylinder, so as to dip into the groove upon its surface* 
The arrangement on the other side of the cylinder is 
almost identical. At i and J are hinges and at N a screw- 
nut and spring for regulating the depth to which t enters 
the groove. 

The method of using the instrument is as follows. 
The two diaphragms being turned back, the cylinder is 
courered with a piece of stout tinfoil, fixed by gum, and is 
then moved, by turning the handle, as far to the right as 
possible. The diaphragms are restored to the position 
shown in fig. 110: the stud at o is turned so as to allow 
the point o to press upon the tinfoil, and the cylinder is 
made to perform half a revolution, d d' is once more raised, 
and if the smooth furrow formed by the motion of the tin- 
foil against the point should be found too deep or too 
shallow, the nut s is turned slightly to the right or left. 
When the proper depth is attained — a point only to be 
learnt by experience — the same process is gone through 
with the other diaphragm, and the instrument is in work- 
ing orderi The point o is again dropped upon the tin-foil, 
the diaphragm^ p' being kept raised as in the figure. The 
handle is then regularly turned at the rate of about one 
revolution in a second, words being at the same time dis- 
tinctly spoken into the mouthpiece M. When the speech 
is completed, d d' is removed from the tinfoil, when the 
feirrow it has traced is fou^ indented by the movements 
of the point in responding to the vibrations of the voice. 
The cylinder is then turned back to its original position, 
and the point at the other side of the cylinder, is dropped 
upon the furrow. Again the handle is turned, the little 
undulations on the foil being caused to pass under the 
point. The original process is thus reversed, the inden- 
tp.tions imparting to the second point movements pre- 
cisely similar to those which the first point perfonned 
while producing the indentation#. The vibrations of t are 
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conveyed by the rod k to the parchment diaphragm jp 
and by it to the air, producing sounds closely approxima- 
ting in pitch and quality to those by which the iron dia- 
phragm was set in motion. A cone of stout drawing-paper 
about a foot long should be slipped over the tube p p' to 
reinforce and give body to the sound. 

A single diaphragm might be used both for the produc- 
tion of the indentations and the reproduction of tHb 
sound; and, indeed, many instruments have been con- 
structed on that principle. But the arrangement just 
described is found to give the best results. I am indebted 
for the description to Mr. Shelford Bidwell. 

§ 22. KuneWs Experiments : neiv modes of 
determining Velocity of Sound. 

You have already heard the tones, and made your- 
selves accpiainted with the various modes of division of a 
glass tube, free at both ends, when thrown into longi- 
tudinal vibration. When it sounds its fundamental tone, 
you know that the two halves of such a tube lengthen and 
shorten in quick alternation. If the tube were stopped 
at its ends, tlni closed extremities would throw the air 
within the tube into a state of vibration ; and if the velo- 
city of oound in air were equal to its velocity in glass, the 
air of the tube \rould vibrate in synchronism with the o 
tube itself. But the velocity of sound in air is far less than 
its velocity in glass, and hence, if the column of air is to 
synchronise with the vibrations of the tube, it can only do 
so by dividing itself into vibrating segments of a suitable 
length. In an investigation of great interest published 
in PoggendorfFs ‘ Annalen,’ Professor Kundt has taught 
us how these segments may be rendered visible. Into^ 
this six-foot tube is introduced the light powder of lyco- 
podium, which is shaken ali over the interior surface. A 
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small quantity of the ponder clings to that surface. Stop^ 
ping the ends of the tube, holding its centre by a fixed 
clamp, and sweeping a wet cloth briskly over one of its 
halves, instantly the powder, which a moment ago clung 
to its interior surface, falls to the bottom of the tube 
in the forms shown in fig. Ill, the arrangement of the 


Fig. 111. 



lycopodium marking the manner in which the column 
of air has been divided. Every node here is encircled 
by a ring qf dust, while from node to node the dust ar- 
ranges itself in transverse streaks along the ventral seg- 
ments. 

You will have little difficulty in seeing that we perform 
here, with air, substantially the same experiment as that 
of M. Melde with a vibrating string. \Vhen the string was 
too long to vibrate as a whole, it met the requirements of 
the tuning-fork to which it was attached by dividing into 
ventral segments. Now, in all c^es, the length from a 
node to its next neighbour is half that "of the sonorous 
wave : how many Such half-waves, then, have we in our 
tube in the present inst^ce ? •Sixteen (the figure shows 
* only four of them). But the length of our glass tube 
vibrating thus longitudinally is also half that of the sonor- 
ous wave in glass. Hence, in the case before us, with the 
same rate of vibration, the length of the semi- wave in glass 
is sixteen times the length of the semi-wave in air. In 
otjjjer words, t]je velocity of ‘sound in glass is sixteen times 
its velocity in air. Thus, by a single sweep of the wet 
•rubber, we solve a most important problem. But^ as 
M. Kundt has shown, we need not confine ourselves to air. 
Introducing^ any other gas into the tube, a single stroke of 
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our wet cloth enables us to determine the relative velocity 
of sound in that gas and in glass. When hydrogen is 
introduced, the number of ventral segments is less than 
in air ; when carbonic acid is introduced, the number is 
greater. 

From the known velocity of sound in air, coupled with 
the length of one of these dust segments, we can imme- 
diately deduce the number of vibrations executed in "a 
second }Sy the tube itself. Clasping a glass tube at 
its centre and drawing my wetted cloth over one of its 
halves, I elicit this shrill note. The length of every 
dust segment, now within the tube, is 3 inches. Hence 
the length of the aerial sonorous wave corresponding to 
this note is 6 inches. But the velocity of sound in air 
of our present temperature is 1,120 feet per second ; a 
distance which would embrace 2,240 of our sonorous waves. 
This number, therefore, expresses the number of vibra- 
tions per second executed by the glass tube now before 
us. 

Instead of damping the centre of the tube, and making 
it a nodal point, we may employ any other of its subdi- 
visions. Laying hold of it, for example,* at a point mid- 
way between its centre and one of its#ends, and rubbing it 
properly, it divides into three vibrating parts, separated 
by two nodes. We knovAi that ^n this division the note 
elicited is the octave of that heard when a Sngle node is • 
formed at the middle of the tube ; for the vibrations are 
twice as rapid. If, therefore, we divide the tube, having 
air within it, by two nodes instead of one, the number of 
ventral segments revealed by the lycopodium dust will be 
thirty-two instead of sixteen. • The same remark applies, 
of course, to all other gases. 

.Filling a series of four tubes with air, carbonic acid, « 
coal gas, and hydrogen, and then rubbing each so as to 

produce two nodes, M. Kun^t found the number of dust 

• • 
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segments formed within the tube in the respective cases 
to be as follows : — 

Air 

Carbonic iicitl 
Coal gas 
Hydrogen 

. . 32 dust segments. 

. . 40 

. .20 

• . 9 

Calling the velocity 
tions express the ratio 
other gases : — 

in air unity, the following frac- 
of this velocity to those in the 

Carbonic acid 

40 

Coal giis 

• • H = 

20 

Hydrogen 

. = 3-56 

9 


Referring to a table introduced in our first chapter, we 
learn that Dulong by a totally different mode of experi- 
ment found the velocity in carbonic acid to be 0*86, and 
in hydrogen 3*8 times the velocity in air. The results of 
Dulong were deduced from the sounds of organ pipes filled 
with the various gases ; but here, by a process of the ut- 
most simplicity, we arrive at a close approximation to his 
results. Dusting the interior surfaces of our tubes, filling 
them with the proper gases, and sealing their ends, they 
may be preserved 'for an indefinite time. By properly 
shaking one of them at, any ncioment, its inner surface 
becomes thinly coated with the dust; and afterwards a 
single stroke of the wet cloth produces the division from 
which the velocity of sound in the gas may be immediately 
inferred. 

Savart found that a spiral nodal line is formed round 
a |ube or rod ^when it yibrates longitudinally, and Seebeck 
showed that this line was produced, not by longitudinal, but 
by secondary transverse vibrations. Now, this spiral nodal 
line tends to complicate the division of £he dust in our 
present experiments. It is, therefore, desirable to operate 
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in a manner which shall altogether avoid the formation 


of this line ; M. Kundt has accomplished this, 
by exciting the longitudinal vibrations in one 
tube, and producing the division into ventral 
segments in another, into which the first fits 
like a piston. Before you is a tube of glass, 
fig. 112, seven feet long, and two inches internal 
diameter. One end of this tube is stopped 
by the movable cork, fe. The other end, kk, 
is also stopped by a cork, through the centre 
of which passes the narrower tube, A a, which 
is firmly clasped at its middle by the cork, 
K K. The end of the interior tube is also closed 
with a projecting stopper, a, almost sufficient to 
fill the larger tube, but still fitting into it so 
loosely that the friction of a against the interior 
surface is too slight to interfere practically with 
its vibrations. The interior surface between a 
and h being lightly coated with the lycopodium 
dust, a wet cloth is passed briskly over A K ; in- 
stantly the dust between a and b divides into a 
number of ventral segjnents. When tlie length 
of the column of air, a 6, is equal tothat of the 
glass tube, A a, the number of ventral segments 
is sixteen. When, as in* the figure, a 6 is only 
one-half the length of A a, the number of ventral 
segments is eight. • 

But here you must perceive that the method 
of experiment is capable of great extension. In- 
stead of the glass tube, a a, we may employ a 
rod of any other solid substance — of wqpd or 
metal, for example, and thus determine the 
relative velocity of sound in the solid and in air. 
In the place of the glass tube, for example, a rod 
of byass of equal length may be employed. 


Fig. 112. 
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Bubbing its external half by a resined cloth, it divides the 
column a h into the number of ventral segments proper to 
the metaPs rate of vibration. In this way M. Kundt 
operated with brass, steel, glass, and copper, and his results 
prove the method to be capable of great accuracy. Calling, 
as before, the velocity of sound in air unity, the following 
numbers expressing the ratio of the velocity of sound in 
Mass to its velocity in air were obtained in three different 
series of experiments : — 

1st experimfiit 10*87 

2nd experimont 10*87 

3rd experiment 10*86 

The coincidence is here extraordinary. To illustrate 
the possible accuracy of the method, the length of the 
individual dust segments was measured. In a series of 
twenty-seven experiments, this length was found to vary 
between 43 and 44 millimetres (each millimetre -J-gth of 
an inch), never rising so high as the latter, and never 
falling so low as the former. The length of the metal 
rod, compared with that of one of the segments capable 
of this accurate measurement, gives us at once the velocity 
of sound in the m^tal, as compared with its velocity in air. 

Three distinct experiments, performed in the same 
manner on steel, gave the following velocities, the velocity 
through air, as before, being regarded as unity : — 

* IstVxperiment li'>*34 

2nd experiment 15*33 

3rd experimont 15*34 

Here the coincidence is quite as perfect as in the case 
of brass. 

In glass, by this new mode of experiment, the velocity 
waV! found to be 

15*2o.> 

• 

^ * The velocity in glass varies with the quality; th^ result of each ex- 

periment has therefore reference only to the particular kind of glass em- 
ployed in the experiment. • 



KUJST)T’S EXPERIMENTS. 216 

Finally, in copper the velocity was found to be 

11*96. 

These results agree extremely well with those obtained 
by other methods. Wertheim, for example, found the 
velocity of sound in steel wire to be 15* 108; M. Eundt 
finds it to be 15’34 : Wertheim also found the velocity in 
copper to be 11*17 ; M. Kundt finds it to be 11*96. The 
differences are not greater than might be produced by 
differences in the materials employed by the two experi- 
menters. 

The length of the aerial column may or may not be an 
exact multiple of the wave-length, corresponding to the 
rod’s rate of vibration. If not, the dust segments usually 
take the form shown in fig. 113. But if, by means of the 

Fio. 113. 





stopper, 6, the column of air be made an exact multiple 
of the wave-length, then the dust quits the vibrating seg- 


• Fig. 11 4. 



ments altogether, and forms, as in fig. 114, little isolated 
heaps at the nodes. 

§ 23. Explaruitian of a DiJficvUy. 

And here a difficulty presents itself. The stopped end 
h of the tube fig. 112 is, of course, a place‘*of no vibraflon, 
where in all cases a nodal dust-heap is formed ; but when- 
ever the coluiftn of air was an exact multiple of the wave- 
length, M. Kundt alw^iys found a dust-heap close to the 
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end a of the vibrating rod also. Thus the point from 
which all the vibration emanated seemed itself to be a 
place of no vibration. 

This was pointed out by M. Kundt as a difficulty, but he 
did not attempt its solution. We are novr in a condition 
to explain it. In Lecture III. it was remarked that in 
strictness a node is not a place of no vibration ; that it is 
a 'place of minimum vibration ; and that by the addition 
of the minute pulses which the node permits, vibrations 
of vast amplitude may be produced. The ends of M. 
Kundfs tube are such points of minimum motion, the 
lengths of the vibrating segments being such that, by the 
coalescence of direct and reflected pulses, the air at a dis- 
tance of half a ventral segment from the end of the tube 
vibrates much more vigorously than that at the end of the 
tube itself. This addition of impulses is most perfect when 
the aerial column is an exact multiple of the wave-length, 
and hence it is that, in this case, the vibrations become 
sufficiently intense to sweep the dust, altogether away 
from the vibrating segments. M. JMelde’s tuning-forks, 
though the sources of all the motion, are nodes. The 
vibrating reed of a"* clarionet is also node. 

An experiment of Helmholtz’s is here ‘'capable of in- 
structive application: Upon the string of the sonometer 
described in our third lecture I place the iron stem of this 
tuning-fork, which executes 512 complete vibrations in a 
second. At present you hear no augmentation of the sound 
of the fork ; the string remains quiescent. Hut moving 
the fork along the string, on reaching the number 33, a 
loud swelling note issues from the string. At this par- 
ticukr tension the length 83 exactly synchronises with 
the vibrations of the fork. By the intermediation of the 
string, therefore, the fork is enabled to transfer its motion 
to the sonometer, and through it to the air. The sound 
continues as long as the fork vibrates, but the least mgve- 
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ment to the right or to the left from this point causes a 
sudden fall of the sound. Tightening the string the note 
disappears ; for it requires a greater length of this more 
highly tensioned string to respond to the fork. But on 
moving the fork further away, at the number 36 the note 
again bursts forth. Tightening still more, 40 is found to 
be the point of maximum power. When the string is 
slackened it must, of course, be shortened in order to m^e 
it respond to the fork. Moving the fork now towards the 
end of the string, at the number 25 the note is found as 
before. Again, shifting the fork to 35, nothing is heard : 
but by the cautious turning of the key the point of syn- 
chronism, if I may use the term, is moved further from the 
end of the string. It finally reaches the fork, and at that 
moment a clear full note issues from the sonometer. In 
all cases, before the exact point is attained, and imme- 
diately in its vicinity, we hear ‘ beats,’ which, as we shall 
afterwards understand, are due to the coalescence of the 
sound of the fork with that of the string, when they are 
nearly, but not quite, in unison with each other. 

In these experiments, though the fork was the source 
of all the motion, the point on %vhich it rested wm a nodal 
point. It constituted the comparatively fixed extremity 
of the wire whose vibrations synchronised with those of 
the fork. The case is ^exactl^ analogous to that of the 
hand holding the india-rubber tube, and to the tuning* 
fork in the experiments of M. Mel^e. It is also an effect 
precisely the same in kind as that observed by M. Kundt, 
where the part of the column of air in contact with the 
end of his vibrating rod proved to b^’ a node instead of 
the middle of a ventral segment. 

V • 

§ 24. Conversion of Radiant Heat into Sound. 

I have now to introduce to your notice a series of 
experiments wherein muSical sounds are produced in a 
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novel and instructive manner, and which at the same 
time throw light on- important problems in molecular 
physics. 

* Professor; Graham Bell was the first to show that an 
intermittent beam of impinging upon disks of solid 
matter, produced feeble but distinct musical sounds. 
When I first saw these experiments I came to the conclu- 
sioci that the sounds were caused by the rhythmic absorp- 
tion and emission of radiant heat. 

Bodies absorb heat in different degrees. The rays 
from a common fire, for example, pass with much greater 
facility through rocksalt than through glass. In conse- 
quence of this the glass is heated by the fire, while the 
salt is not heated. The term diathermanous is used 
to express transparency to radiant heat, and rocksalt 
is therefore said to be more diathermanous than glass. 
It is not an unfrequent experience with us here to find 
the glass lenses of our electric lamps cracked by the hfeat 
absorbed by the lenses. Were the lenses of rocksalt, ho 
such cracking would occur. 

Similar differences, as regards the absorption of radiant 
heat, are found tO' exist in gaseous and vaporous bodies. 
Some of them are highly diathermanous, others are highly 
adiathermanous, or opaque to radiant heat. A perfectly 
diathermanous gas would allow radiant heat t6 pass 
through it without any change of its temperature. 
Common air, for example, is almost perfectly diather- 
manous, and through this medium, when dry, the most 
powerful heat-beams can pass without warming the air. 
When a gas is warmed it expands, and when it is cooled it 
contracts. If then a gas b^ exposed to an intermittent 
beafh, which, when it reaches the gas, causes the latter 
to expand, and which, ^when it is intercepted, enables 
the gas to contract, such expansions and cbntractions, if 
they succeed each other with iufficient rapidity, may be 
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expected to produce sonorous pulses or musical sounds. 
If, moreover, the magnitude of the expansion be de- 
termined by the amount of radiant heat absorbed, the 
Sounding power of gases may be taken as a test of their 
absorbing power as regards radiant heat. 


Fig. 116 . 



That gases absorb radiant heat, and Sbffer conse^ent 
thermal expansion in very diiBFerent degrees, may be 
readily shown by the apparatus .now to be describeS. 
T T,' fig. 115, is a glass tube 4 inches long and 3 inches in 
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diameter. It is provided with brass flanges at the ends 
which reduce the diameter to 2*5 inches. Against these 
flanges, transparent plates of rocksalt were fixed air-tight. 
The tightness of the tube was secured, sometimes by 
india-rubber washers properly greased, and sometimes by 
cement. A stop-cock a near one end of T t' was con- 
nected with a barometer-tube and an air-pumj). A T-piece 
at^the other end was connected by the one arm with a 
test-tube plunged in water contained in the glass g. 
The test-tube was connected with a purifying apparatus 
(not shown), consisting of two U-tubes, one containing 
fragments of Carrara marble wetted with caustic potash, 
the other containing fragments of glass wetted with sul- 
phuric acid, llefore entering these U-tubes the air was 
freed from suspended matter by a plug of cotton-wool. 
The other arm of the T-piece was connected with a quill 
tube of glass, n h bent into the shape of a U, the two legs 
of which contained a coloured liquid. The liquid column 
when standing at the same level in both arms of the U 
was 350 millimetres high in each, while the free leg of the 
U (shortened in the figure) rose to a height of about 500 
millimetres above £he surface of the liquid. The source 
of heat was the cylinder of lime L, rendered incandescent 
by a flame of coal gas and oxygen. The rays from the 
lime cylinder were receivecj by a concave mirror n silvered 
In front, and sent by it in a convergent beam through the 
manometer-tube T t'. - The focus of the beam was within 
the tube and near its most distant end. The gas and 
oxygen were supplied from gasholders specially constructed 
for these and similar experiments ; long and futile ex- 
perience of gas^ from the public mains, or compressed 
in iron bottles, having shown independent gasholders, 
which could be kept at an unalterable pressure, to be 
essential. 

The experiments were conducted thus : — The test-tube t 
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(fig. 115) contained the liquid whose vapour was to be exa- 
mined. Through a cork which stopped the test-tube passed 
a narrow tube of glass, ending in a small orifice near the 
bottom of the test-tube, and at a considerable depth below 
the surface of the liquid. To augment this depth, and 
to economise the li(iuid, the lower half of the test-tube 
was drawn out as shown in the figure. A second narrow 
tube passed also air-tight through the cork, and en(ted 
immediately beneath it. Both tubes were bent at a right 
angle above the cork. The manometric tube T T' being ex- 
hausted, by turning the cock c air freed from its carbonic 
acid, its moisture, and its suspended matter, was allowed to 
bubble through the liquid in the test-tube and to pass 
thence into tlie manometric tube. To spare the oxygen 
in the gasholder, it was cut off during the interval between 
two consecutive experiments, the coal gas being kept con- 
tinually alight. When the manometric tube was filled, the 
filling being always accomplished through an orifice of fixed 
dimensions, the oxygen was turned on, and the cylinder waa 
allowed to remain for one minute under the action of the 
intensified flame. During this time a double silver screen 
s intercepted the radiation. At the efid of a minute this 
screen was withdrawn, the beam tj:ien passing through 
the mixed air and vapour. The liquid in the adjacent leg 
of the* narrow ll-tube wfis imnaediately depressed, that in 
the opposite leg being equally elevated. The rise of thi« 
latter column above its starting ppint, marked zero on a 
millimMre scale, was accurately measured. Double this 
rise gave the difference of level in the two legs of the U, 
and this ‘ water pressure ’ expressed the augmentation of 
elastic force by the absorption of radiant heat.^ 

Here follow a few of the measurements which fiave 
been thus made. 

‘ The method here applied and extended was introdnped hv Pmfpssnv 
Rontgon. 
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Vapouiis. 

Increase of Elastic Force hy Radiant Heat. 


"Name of liquid. 

Water pressure. 

Oharoctor of sound. 

1. Sulphuric Ether . 

3(X) millims. 

Very strong 

2. Hydride of Amyl . 

279 

99 

99 

3. Acetone 

267 

99 

99 

4. Formic Ether 

261 

99 

99 

5. Acetic Ether . 

248 

99 

99 

6. Butyric Ether 

183 

99 

Strong 

7. Formic Acid . 

180 

99 

99 

8. Valeral .... 

172 

99 

99 

0. Valerianic Ether . , . 

168 

99 

99 

] 0. Acetate of Propyl . 

166 

99 

99 

11. Benzol .... 

117 

99 

Moderate 

12. Carbonic Ether 

108 

79 

99 

13. Iodide of Allyl . 

92 

99 

99 

14. (chloroform . 

89 

99 

99 

15. Bisulphide of Carbon 

81 

99 

99 

16. (cyanide of Methyl 

64 

99 

Weak 

1 7. Tetrachloride of Carbon . 

58 

99 

99 

18. Xylol .... 

44 

99 

99 

19. Araylic Alcohol . 

42 

99 

99 

20. Iodide of Amyl 

42 

99 

99 


The absori)tive power of gases was determined by the 


same instrument with the following results 

! 

Gases. 

Nuuic of gas. , 

Water pressure. 

Chloride of Methyl . ' . 

350 millims 

Aldehyde 

326 „ 

Olefiant Gas . . * . 

316 „ 

Sulphuric Ether . . 

800 „ 

Nitrous Oxide 

198 „ 

Marsh Gas . . .... 

164 „ 

Carbonic Acid . . . . . 

144 „ 

^arbonic Oxidje ...... 

116 „ 

Oxygen 

6 » 

Hydrogen . . ^ . . . . 

6 „ 

Nitrogen 

6 » 

Dry air 

® >» 

Humid air at 50® C. . 

130 „ 
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Sulphuric ether is here inserted with the view of 
connecting this Table with the last. Of all gaseous 
bodies hitherto examined, chloride of methyl is the most 
energetic absorber and the most powerful sound-producer ; 
while dry air, oxygen, hydrogen, and nitrogen remained 
practically silent under the action of the most powerful 
beams. After chloride of methyl comes aldehyde, with a 
boiling point of 21° C. The figure 5 attached to fhe 
elementary gases, and to dry air, expresses, not absorption 
of radiant heat, but expansion, due to contact with the 
slightly warmed apparatus- The nitrous oxide employed 
was derived from an iron bottle in which it was pre- 
served for medical purposes. In some of my experiments 
marsh gas showed itself a better absorber than nitrous 
oxide. This, for instance, was the case in experiments 
made in the spring of 1880 with the manometer. The 
sample of marsh gas wherewith the foregoing result was 
obtained was very carefully prepared in our chemical 
laboratory. 

The temperature of 50° C. in the case of humid air 
was obtained in a wooden shed erected in our laboratory. 
The shed is traversed^ by two tubes of sheet iron 4 inches 
in diameter, ^vhich carry the heatei air and products of 
combustion from two large ring-blirners. It is 8' 6" 
long, 4' 3" wide, and 7'' high , The temperature of the 
air within it can be readily raised to 6t)° C. In thd 
experiment above recorded the air was taken from the 
outside laboratory through a tube passing through the 
wooden wall of the shed. It was caused to bubble through 
water contained in a large flask which *had been permitted 
to remain for some time in the warm shed. The mjxed 
air and vapour entered the manometer-tube at a tempera- 
ture some degrees lower than tliat of the tube itselft 
Closely examined, all parts of this tube were bright and 
dry^ when the vapour-ladlen air was within it. On per- 
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mitting the beam from the lime light (produced by coal 
gas and oxygen) to pass through the mixture, a prompt 
rise of 65 millimetres was the consequence. Cutting the 
beam off, the column rapidly returned to zero. The double 
of 65, or 130 millimetres, gives the difference of level in 
the two legs of the U-tube. 

< From these vapours and gases musical sounds were 
extracted in the following manner : — A little of the volatile 


Fig. 116 . 




liquid being placed in a small flask, the vapour of the 
liquid was suffered to diffuse till the air of the flash above 
^he liquid was saturated.'* Flasks or bulbs of the size 
shown in fig. 116, 1, 2, 3, were found very effective. To 
produce the required intermittence I first employed a 
circle of sheet zinc 16 inches in diameter provided with 
radial slits. This was afterwards exchanged for a second 
disc of the same diameter but furnished with circumferen- 
tialHeeth and interspaces. The disc was mounted ver- 
tically on a whirling table, and caused to rotate across the 
beam near the focus of the concave mirror. • Immediately 
behind the disc was placed the flask containing the gas or 
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vapour to be examined, while an india-rubber tube, 
ending in a hollow cone of ivory or boxwood, connected 
the flask with the ear. With this arrangement, simple 
as it is, sounds of surprising intensity were obtained with 
all those gases and vapours which my previous experi- 
ments with an experimental tube and thermopile had 


Fig. 117 . 



proved to be powerful absorbers of radiant heat. The 
final arrangement was that shown in fig. 117. 

The source of heat is the carefully worked and centred 
lime-cylinder L, heated by th^ oxy-hydrogeii flame. The 
rays from this source are received by the concave mirfor 
R, and converged upon the bulb 'B, which contains the , 
substance to be? tested. The bulb is connected with the 
ear by a piece of india-rubber tubing, ending in a tapering 
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tube of boxwood or ivory. The intermittence of the 
calorific beam is effected by the disc D of strong card- 
bofird, 2 feet in diameter, and provided at the circumfer- 
ence with 29 teeth and corresponding interspaces.' The 
disc is caused to rotate by the wheel W, with which it is 
connected by a band. The positions of the sonorous bulb 
and of its ear-tube are showm in the figure. In the case 
©f gases lighter than air the bulb B is turned upside 
down. With the heavier gases it is held erect. When 
vapours are tested a small quantity of liquid is poured 
into the bulb, which is shaken so as to diffuse the vapour 
in the air above the liquid. The bulb is so held that the 
point of maximum concentration of the beam falls upon it. 

With this apparatus I have tested more than once the 
sounding power of ten gases and of about eighty vapours. 
As a sound-producer chloride of methyl is supreme. It 
is, however, closely followed by aldehyde, olefiant gas and 
sulphuric ether, the two latter being very nearly equal to 
each other. The volatility of the liquid from which the 
vapour is derived is of course an important factor in the 
result. For, however high the inherent capacity of the 
molecule as an absorber may be, if the molecules be 
scanty in number the effect is small. Feeble vapours may 
to some extent atone, by quantity, for the individual 
weakness of their molecules. A few examples Will, how- 
ever, suffice -to show that the specific action of the mole- 
cules over-rides sometimes the effect of volatility. Bisul- 
phide of carbon with a boiling point of 42® C. is less 
powerful than acetic ether with a boiling point of 74°. 
Tetrachloride of carbon boils at 77°, but its sound by no 
means equals that of aceta^ w'hicli boils at 104°. Chloro- 
feS’m with a boiling point of 61° is less powerful as a 

sound producer than valeral with a boiling point of 100°, 

♦ 

* Intorinittenco is sometimes produced by the series of equidistant 
circular apertures shown in the figure.^ 
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or even than valerianic ether with a boiling point of 144®. 
Cyanide of methyl boils at 82®, but produces less sound 
than acetate of propyl with a boiling point of 102®. The 
mere inspection of the foregoing table of vai)ours will 
show how the intensity of the sound varies with the 
absorbent power of the vapour, changing from ‘ very 
strong ’ in the case of sulphuric ether, with a water pres- 
sure of 300 millimetres ; through ‘ strong,’ ‘ moderate,’ anS 
‘ weak ; ’ down to iodide of amyl, the expansion of which, 
by radiant heat, is only able to produce a water pressure 
of 42 millimetres. 

The universality of its presence, and the discussions 
which it has provoked, rendered the action of water 
vapour especially interesting to me. I did not imagine 
at the outset that the modicum of vapour diffused in 
atmospheric air at ordinary temperatures could produce 
sonorous pulses of sensible intensity. In my first experi- 
ment, therefore, I warmed water in a flask nearly to its 
boiling point. I heated the flask above the water with 
a sj)irit-lamp flame, thus dissipating every trace of haze, 
and then exposed the clear vapour to the intermittent 
beam. The experiment was a virtual question put to the 
vapour as to whether I had been right or wrong in ascribing 
to it the power of absorbing radiant heat. The vapour 
answered* by emitting a musical npte which, when properly 
converged upon the tympanum, seemed as loud as the 
j)eal of an organ. When the temperature was lowered 
from 100® C. to 10® C. the sound did not vanish, as I 
expected it would. It remained not only distinct but 
strong. The flasks employed in these Experiments were 
dried in a variety of ways, of. which I have elsewhere 
given some account, and which will suggest them- 
selves to every experimenter in this field. Taken open 
from the laboratory, and exposed to the intermittent 
beam, the flasks are alwaj^s to some extent sonorous. 
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Placed beside sulphuric acid underneath the receiver of 
an air-pump, and permitted to dry there, they are reduced 
to silence. The slightest invasion of humid air renders 
them again sonorous. Breathing for a moment into a 
dried and silent flask, a loud sounding power is immedi- 
ately manifested. 
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SUMMARY OF LECTURE V. 

When a stretched wire is suitably rubbed, in tltfe 
direction of its length, it is thrown into longitudinal 
vibration : the wire can either vibrate as a whole or divide 
itself into vibrating segments separated from each other 
by nodes. 

The tones of such a wire follow the order of the num- 
bers, 1 2, 3, 4, &c. 

The traiuverae vibrations of a rod fixed at both ends 
do not follow the same order as the transverse vibrations 
of a stretched wire ; for here the forces brought into play, 
as explained in Lecture IV., are different. But the longi- 
tudinal vibrations of a stretched wire do follow the same 
order as the longitudinal vibrations of a rod fixed at both 
ends, for here the forces brought into play are the same, 
being in both cases the elasticity of the material. 

A rod fixed* at one end vibrates longitudinally as a 
whole, or it divides into two, three, four, &c., vibrating 
parts, se'parated from each other by nodes. The order of 
the tones of such a rod is that of the odd ilumbers 1, 3, 
5, 7, &c. , 

A rod free at both ends can also vibrate longitudinally. 
Its lowest note corresponds to a division of the rod into 
two vibrating parts by a node at its centre. The over- 
tones of such a rod correspond to its division into three, 
four, five, &c., vibrating parts, separated from each other 
by two, three, four, &c., nodes. Thfe prder of the tones of , 
such a rod is thdt of the numbers 1, 2, 3, 4, 5, &c. 

We may .also express Ifte order by saying that while 
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the tones of a rod free at one end follow the order of the 
odd numbers 1, 3, 5, 7, &c., the tones of a rod free at 
both ends follows the order of the even numbers 2, 4, 6, 8, 
<&c. 

At the points of maximum vibration the rod suffers no 
change of density; at the nodes, on the contrary, the 
changes of density rejich a maximum. This may be proved 
bj^ the action of the rod upon polarised light. 

Columns of air of definite length resound to tuning- 
forks of definite rates of vibration. 

The length of a tube filled with air, and closed at one 
end, which resounds to a fork, is one-fourth of the length 
of the sonorous wave produced by the fork. 

This resonance is due to the synchronism which exists 
between the vibrating period of the fork and that of the 
column of air. 

By blowing across the mouth of a tube closed at one 
end, we produce a flutter of the air, and some pulse of 
this flutter may be raised by the resonance of the tube to 
a musical sound. 

The sound is the same as that obtained when a tuning- 
fork, whose rate of vibration is that of the tube, is placed 
over the mouth of tie tube. 

When a tube closed at one end — a stopped organ-pipe 
for example — sounds its^low'^esh note, the column of air 
* within it is undivided by a node. The overtones of such 
a column correspond* to its division into parts like those 
of a rod fixed at one end and vibrating longitudinally. 
The order of its tones is that of the odd numbers 1, 3, 3, 
7, &c. That thi^ must be the order follows from the 
manner in which the column is divided. 

In organ- pipes the air is agitated by causing it to issue 
.from a narrowr slit, .and to strike upon a cutting edge. 
Some pulse of the flutter thus produced is raised by the 
resonance of the pipe to a mu^cal sound. 
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When, instead of the aerial flutter, a tuning-fork of 
the proper rate of vibration is placed at the embouchure 
of an organ-pipe, the pipe speaks in response to the fork. 
In practice, the organ-pipe virtually creates its own 
tuning-fork, by compelling the sheet of air at its em- 
bouchure to vibrate in periods synchronous with its own. 

An open organ-pipe yields a note an octave higher 
than that of a closed pipe of the same length. This re- 
lation is a necessary consequence of the respective modes 
of vibration. 

When, for example, a stopped organ-pipe sounds its 
deepest note, the column of air, as already explained, is 
undivided. When an open pipe sounds its deepest note, 
the column is divided by a node at its centre. The open 
pipe in this case virtually consists of two stopped pipes 
with a common base. Hence it is plain that the funda- 
mental note of an open pipe must be the same as that of 
a stopped pipe of half its length. 

The length of a stopped pipe is one fourth that of the 
sonorous w’ave which it produces, while the length of an 
open pipe is one-half that of its sonorous wave. 

The order of the tones of an open pipe is that of the 
even numbers 2, 4, 6, 8, &c., or of thje natural numbers 
1,2, .%4, &c. 

In both stopped and open pipes the number of vibra- 
tions executed in a given time is inversely proportional to * 
the length of the pipe. 

The places of maximum vibration in organ-pipes are 
places of minimum changes of density ; while at the 
jdaces of minimum vibration the changes of density reach 
a maximum. • 

The velocities of sound in gases, liquids, and solids 
may be inferred from the tones w'hich equal lengths of. 
them produce ; or they m^ be inferred from the lengths 
of these substances which yield equal tones. 
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Keeds, or vibrating tongues, are often associated with 
vibrating columns of air. They consist of flexible laminae 
which vibrate to and fro in a rectangular orifice, thus 
rendering intermittent the air-current passing through 
the orifice. 

The action of the reed is the same as that of the syren. 

Flexible wooden reeds are sometimes compelled to 
vibrate in unison with the column of air in the asso- 
ciated pipe ; other reeds are too stiff to be thus con- 
trolled by the vibrating air. In this latter case the 
column of air is taken of such a length that its vibrations 
synchronise with those of the reed. 

By associating suitable pipes with reeds we impart to 
their tones the qualities of the human voice. 

The vocal organ in man is a reed instrument, the 
vibrating reed in this case being elastic bands placed at 
the top of the trachea, and capable of various degrees of 
tension. 

The rate of vibration of these vocal chords is practi- 
cally uninfluenced by the resonance of the mouth; but 
the mouth by changing its shape, can be caused to resound 
to the fundamental tone, or to any of the overtones of the 
vocal chords. 

By the strengthening of particular tones through the 
resonance of the mouth, the clang-tint of the Voice is 
^ altered. 

The different vo^^el sounds are produced by different 
admixtures of the fundamental tone and the overtones of 
the vocal chords. 

Bell’s telephont? depends on the capacity of a thin iron 
plate to take up the vibrations of the human voice ; on 
the capacity of a magnet to res2)ond by slight changes of 
^its magnetism to tl^jB* vibrations of such a plate ; on the 
capacity of such changes to evoke electric* currents corre- 
sponding to them in strengtif, direction, and duration ; 
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and, finally, on the capacity of these currents to be trans- 
mitted to a distance, and there to reproduce vibrations 
exactly similar to those which gave the currents birth. 

In Edison’s telephone the first agent employed is an 
ordinary voltaic current which traverses the entire circuit. 
At a certain point in the circuit a thin cake of fine lamp- 
black is gently pressed between two thin plates of plati- 
num, the current passing across the plates. On on^ of 
these plates the voice impinges, and its vibrations, pro- 
ducing variations in the closeness of the contact of 
platinum and carbon, produce thereby corresponding 
variations in the strength of the voltaic current. 

At another point of the circuit is introduced a small 
induction coil, through the primary wire of which the 
voltaic current passes. Every variation in the strength 
of the voltaic current produces an induced current in the 
secondary wire of the small induction coil. The induced 
currents pass from a metal rubber to a cylinder formed of 
a mixture of powdered chalk and certain mineral salts, 
pressed to compactness in a mould and moistened by 
water. This cylinder is kept by the hand in a state of 
rotation. Variations in the bite of the metal rubber are 
produced by the electrolytic action of*the induced currents. 
The cylinder is thus caused to move by jerks corresponding 
to the vibrations of the voice, an^ these jerks communicated 
to a thin plate of mica connected with thb rubber repro* 
diice the voice that generated them. 

In the microphone a voltaic current is caused to pass 
between two bits of carbon pressing lightly against each 
other. A JBell’s telephone is also fhtroduced into the 
circuit. The slightest shaking of the bits of carbon, a 
shaking which might be produced by the tread of* an 
insect, causes variations in the contact between the biU 
of carbon, anfl corresponding variations in the strength 
of the current passing ^roiind the telephone. These 
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variations, by affecting the telephone magnet, enable it 
to throw its ferrotype plate into vibration, thus making, 
as it were, the tread of the insect audible. It must be 
remembered, however, that the part played by the insect 
is simply the mechanical one of altering the contact of 
the carbons. 

In the plionograph the vibrations of the voice are 
coilVeyed from a thin ferrotype plate, on which the voice 
impinges, to a point which presses gently on a sheet of 
tinfoil wrapped round a cylinder. When the cylinder 
rotates, indentations are produced upon the surface of 
the foil. Over these indentations the point which pro- 
duced them, or better still a second point, is caused to 
pass. By the tapping of the point against the foil, the 
voice which produced the indentations is amusingly but 
imperfectly imitated. 

When the solid substance of a tube stopped at one, or 
at both ends, is caused to vibrate longitudinally, the air 
within it is also thrown into vibration. 

By covering the interior surface of the tube with a 
light powder, the manner in which the aerial column di- 
vides itself may be rendered apparent. From the division 
of the column the velocity of sound in the' substance of 
the tube compared with its velocity in air, may be in- 

ft 

ferred. ^ 

Other gases* may be employed instead of air, and the 
velocity of sound in these gases compared with its velocity 
in the substance of the tube, may be determined. 

The end of a rod vibrating longitudinally may be 
caused to agitate a (folurnn of air contained in a tube, com- 
pellmg the air to divide itself into ventral segments. 
These segments may be rendered visible by light powders, 
and from them the velocity of sound in the substance of 
the vibrating rod, compared with its velocity in air, may 
be inferred. * 
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In this way the relative velocities of sound in all solid 
substances capable of being formed into rods, and of 
vibrating longitudinally, may be determined. 

Gases and vapours are diathermanous in different 
degrees. A perfectly diathermanous body would absorb 
no radiant heat, and only those gases and vapours 
which absorb it suffer change of temperature. When 
an absorbing gas or vapour is exposed to an intermH- 
tent beam, during the moments of exposure expansion 
occurs, followed by contraction when the beam is inter- 
cepted. This rhythmic action produces sonorous pulses 
which, when sufSciently rapid, unite to musical sounds. 

The intensity of the sound depends on the magnitude 
of the absorption of radiant heat ; varying from a maxi- 
mum in chloride of methyl where the absorption is 
greatest, to a minimum in dry air where the absorption is 
sensibly nil. 
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LECTURE VI. 

SINrjINO FLAMES— INFLUENCE OF TUB TUBE SUBROUNDINO THE FLAME — 
(INFLUENCE OF SIZE OF FLA3IK — HARMONIC NOTES OF FLAMES — EFFECT 
OF UNISONANT NOTES ON S^GINO FLAMES — ACTION OF SOUND ON NAKED 
FLAMES— EXPERIMENTS WITH FISH-TAIL AND BATS-WINO BURNERS — EX- 
PERIMENTS ON TALL FLAMES — EXTRAORDINARY DELICACY OF FLAMES AS 
ACOUSTIC RHAOENTS — THE VOWEL FLAME — ACTION OF CONVERSATIONAL 
TONES UPON FLAMES —ACTION OF MUSICAL SOUNDS ON SMOKE JETS — 
CONSTITUTION OF WATER JETS— PLATEAUS THEORY OF THE RESOLUTION 
OF A LIQUID VEIN INTO DROPS — ACTION OF MUSICAL SOUNDS ON WATER 
JETS — A LIQUID VEIN MAY COMPETE IN POINT OF DELICACY WITH 
THE EAR. 

§ 1. Rhythm of Friction: Musical Floiv of a Liquid 
through a Small Aperture. 

I ^RICTION is always rhythmic. When a resined bow 
is passed across a string, the tension of the string 
secures the perfect rhythm of the friction. When the 
wetted finger is moved round the edge of a glass, the 
breaking up of the fraction into rhythmic pulses expresses 
itself in music. Savart’s beautiful experiments on th(3 
flow of liquids through small or,ifices bear immediately 
upon this question. We have here the means of verifying 
his results. The tube^A B, fig. 118, is filled with water, its 
extremity, b, being closed by a plate of brass, which is 
pierced by a circular orifice of a diameter equal to the 
thickness of the plate. Removing a little peg which stops 
the orifice, the water issues from it, and as it sinks in the 
tahe a musical note of great sweetness issues from the 
liquid column. This i^ote is due to the intermittent flow 
of the liquid through the orifice, by which the whole column 
above it is thrown into vibratioif. The tendency to this 
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effect shows itself when tea is poured from a teapot, in the 
circular ripples that cover the falling liquid. The same 
intermittence is observed in the black dense smoke which 
rolls in rhythmic rings from the funnel of a steamer. The 
impleasant noise of unoiled machinery is also a declaration 
of the fact that the friction is not uniform, but is due to 
the alternate ‘bite’ and release of 
the rubbing surfaces. 

Where gases are concerned fric- 
tion is of the same intermittent cha- 
racter. A rifle bullet sings in its 
passage through the air ; while to the 
rubbing of the wind against the boles 
and branches of the trees arc to be 
ascribed the ‘ waterfall tones ’ of an 
agitated pine-wood. Pass a steadily 
burning candle rapidly through the 
air ; an indented band of light, de- 
claring intermittence, is often the 
consequence, while the almost musi- 
cal sound which accompanies the ap- 
pearance of this band is the audible 
expression of* the rhj'thm. On the, 
other hand, if you blow gently, 
against a candle flame, the fluttering 
noise announces a rhythniic action. 

We have already learned what can^be done when a pipe is 
associated v/ith such a flutter ; we have learned that the 
pipe selects a special pulse from the flutter, and raises it 
by resonance to a musical sound. 5n a similar manner 
the noise of a flame may be turned to account. The blow- 
pipe flame of our laboratory, for example, when encfosed 
within an appropriate tube, has its^ flutter raised to a roar. 
The special jJulse first selected soon reacts upon the flame 
so as to abolish in a gre#t degree the other pulses, com- 
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pelling the flame to vibrate in periods answering to the 
selected one. And this reaction can become so powerful — 
the timed shock of the reflected pulses may accumulate to 
such an extent— as to beat the flame, even when very large, 
into extinction. 


§ 2. Musical Flames. 

Nor is it necessary to produce this flutter by any extra- 
neous means. When a gas flame is simply enclosed within 
a tube the passage of the air over it is usually sufficient 
to produce the necessary rhythmic action, so as to cause the 
flame to burst spontaneously into song. This flame-music 
may be rendered exceedingly intense. Over a flame issu- 
ing from a ring burner with twenty-eight orifices, I place 
a tin tube, 5 feet long, and 2| inches in diameter. The 
flame flutters at first, but it soon chastens its impulses 
into perfect periodicity, and a deep and clear musical tone 
is the result. Ily lowering the gas the note now sounded 
is caused to cease, but after a momentary interval of 
silence, another note, which is the octave of the last, is 
yielded by the flame. The first note was the fundamental 
note of the surrounding tube : this second note is its first 
harmonic. Here, asjn the case of open organ-pipes, we 
have the aerial column dividing itself into vibrating seg- 
ments, separated from each’ other by nodes. 

A still more striking effect is obtained with this larger 
tube, a by fig. 119, 15 feet long, and 4 inches wide, which 
was made for a totally different purpose. It is supported 
by a steady stand s and into it is lifted the tall burner 
shown enlarged at n. You, hear the incipient flutter, 
youSiow hear the more powerful sound. As the flame is 
lijted higher the action becomes more violent, until finally 
a storm of music issues from the tube. And now all has 
suddenly ceased; the reaction ^f its own pullies upon 
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. the flame has quenched it. I relight 
the flame and make it very small. 
When raised within the tube, it sings, 
but it is one of the harmonics of the 
tube that you* now hear. On turning 
the gas fully on, the note ceases — all 
is silent for a moment ; but the storm is 
brewing and soon it bursts forth, as at 
first, in a kind of hurricane of* sound. 
By lowering the flame the fundamental 
note is abolished, and now you hear the 
first harmonic of the tube. Making the 
flame still smaller, the first harmonic dis- 
appears, and the second is heard. Your 
ears being disciplined to the apprehension 
of these sounds, I turn the gas once more 
fully on. Mingling with the deepest note 
you notice the harmonics, as if struggling 
to be heard amid the general uproar of 
the flame. With a large Bunsen’s rose 
burner, the sound of this 
tube becomes powerful i . (, 
enough to shake the floor 
and seats, and the large 
audience that occupies 
the seats of this room, 
while the extinction of 
the flame, by the re- 
action of the sonorous 
pulses, announces itself 
by an explosion almost as 
loud as a pistol shot. It 
must occur to you that a 
chimney is a tube of this 
kind upon\ large scale, 


Fig. 119. 
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and that the roar of a flame in a chimney is simply a rough 
attempt at music. 

Let us now pass on to shorter tubes and smaller 
flames. Placing tubes of different lengths over eight 
small flames, each of them starts into song, and you 
notice that as the tubes lengthen the tones deepen. 

The lengths of these 
tubes are so chosen 
that they yield in sue 
cession the eight notes 
of the gamut. Round 
some of them you ob- 
serve a paper slider, s, 
fig. 120, by which the 
tube can be lengthened 
or shortened. If while 
the flame is sounding 
the slider be raised, the 
pitch instantly falls ; 
if lowered the pitch 
rises. These experi- 
ments prove the flame 
‘to be governed by the 
tube. Ky the reaction 
of the pulses, i^eflected 
back upon the flame, 
its flutter is rendered 
perfectly periodic, the 
length of that period 
being determined, <as in the case of organ pipes, by the 
length of the tube. . 

* The fixed stars, especially those near the horizon, shine 
^with an unsteady light, sometimes changing colour as they 
t winkle. I have often watched at night, upoif the plateaux of 
the Alps, the alternate flash of rrfby and emerald in the lower 
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and larger stars. If you place a piece of Icoking-glass so 
that you can see in it the image of such a star ; on tilting 
the glass quickly to and fro, the line of light obtained will 
not be continuous, but will form a string of coloured beads 
of extreme beauty. The same effect is obtained when an 
opera-glass is pointed to the star and shaken. This ex- 
periment shows that in the act of twinkling the light 
of the star is quenched at intervals ; the dark spades 
between the bright beads corresponding to the periods of 
extinction. Now, our singing flame is a tivinMing flame. 
When it begins to sing you observe a certain quivering 
motion which may be analysed as in the case of a star.' 
I can now see the image of this flame in a small looking- 
glass. On continually tilting the glass, so as to cause the 
image to form a circle of light, the luminous band is not 
seen to be continuous, as it would be if the flame were 
perfectly steady ; it is resolved into a beautiful chain of 
flames, fig. 121. 

§ 3. Experimental Analysis of Musical Flame, 

With a larger, brighter, and less rapidly vibrating 
flame, you may all see^this intermittent action. Over this 
gas flame/, fig. 122, is placed * 

a glass^tube A a, 6 feet long, Ym. 121 . 

and 2 inches in diameter.* The 
back of the tube is blackened, 
so as to prevent the light of the 
flame from falling directly upon 
the screen, which it is now de- 
sirable to have as dark as pos- 
sible. In front of the tube 
is placed a concave mirror, m, which, forms upon the screen 
an enlarged iiyage of the flame. I 'turn the mirror with* 

^ This experiment was first ^ade with a hydrogen flame by Sir C. 
Wheatstone. 

. B . 
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ray hand and cause the image to pass over the screen 
Were the flame silent and steady, we should obtain a 
continuous band of light ; but it quivers, and emits at 
the same time a deep note. On twirling the mirror. 

Fig. 122. 



therefore, we obtain, instead of a continuous band, 
a luminous chain of images. By fast turning, these 
« images are drawn i^idre widely apart ; by slow turning, 
they are caused to close up, the chain of flames passing 
through the most beautiful • variations. Clasping the 
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lower end, B, of the tube with my hand, I so impede the 
air as to stop the flames’ vibration ; a continuous band is 
the consequence. Observe the suddenness with which this 
breaks up into a rippling line of images the moment my 
hand is removed, and the current of air permitted to 
pass over the flame. 

Rijlce^s Soundmg Flame. 

Rijke employed an ingenious and a previously un- 
known mode of throwing a column of air into musical 
vibration. Within a tube, and transversely across it, he 
placed a diaphragm of wire gauze, which he heated to red- 
ness either by a flame or by a voltaic current. In the 
former case the sound, though it may be at first very 
forcible, soon ceases. In the latter case the sound is per- 
manent, because of the permanent heating of the wire. 
The tubes employed may be of glass or metal, and of 
various dimensions. When very large, and when the 
gauze is highly heated, the sounds produced are very 
loud. 

Rijke found the position of the wire gauze corre- 
sponding to the inaximurn effecit to be one fourtli of the 
length of the tube from its lower end. The gauze is 
rapidly brought to incandescence by a Bunsen flame. 
The flame is then withdrawn, and a note, dependent, as 
regards pitch, on the length of the tube and the tempera- j 
ture of the aerial column, is immediately produced. The 
sound sinks as the temperature of the gauze falls, and 
ceases when gauze and air are at the same temperature. 
The sound in Rijke’s tubes is obviously due to the sudden 
dilatation of the air in passing through the hot gauze. 
The first dilatation produces a pulse which, behaving in the 
usual way in the open tube, renders the abstraction of 
heat from the gauze periodic. An experiment in some 
sense complementary to that of Rijke was made by Bosschia 
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and Reiss, who produced musical sounds by causing hot 
air to impinge on cold gauze. 

§ 4. Rate, of Vihration of Flame : Toepler's ExperimenU 

When a small vibrating coal-gas flame is carefully 
examined by the rotating mirror, the beaded line is a 
series of yellow-tipped flames, each resting upon a base of 
thte richest blue. In some cases I have been unable to 
observe any union of one flame with another : the spaces 
between the flames being absolutely dark to the eye. But, 
if dark, the flame must have been totally extinguished at 
intervals, a residue of heat, however, remaining sufficient 
to reignite the gas. This is at least possible, for gas may 
be ignited by non-luminous air.' By means of the syren, 
we can readily determine the number of times this flame 
extinguishes and relights itself in a second. As the note 
of the instrument approaches that of the flame, unison is 
preceded by the well-known beats, which become gradu- 
ally less rapid, until the two notes melt finally into perfect 
unison. Maintaining the syren at this pitch for a minute, 
at the end of that time we have recorded upon our dials 
1,700 revolutions. But the disc being perforated by 16 
holes, it follows that every revolution corresponds to 16 
pulses. Multiplying 1,700 by 16, we find the number of 
pulses in a minute to be ^7,200., This number ot times 
\iid the flame ‘extinguish and rekindle itself during the 
continuance of the ex{)eriment, that is to say, it was put 
out and relighted 453 times in a second. 

A flash of light, though instantaneous, makes an im- 
pression upon the fetina which endures for the tenth of a 
second or more. A flying cifle-bullet, illuminated by a 
single flash of lightning, would seem to stand still in the 

air for the tenth of Or second. A black disk with radial 

« 

* A gas-jet, for example, can be ignited fire inches above the tip of a 
visible gas-flame, where platinum loaf shfws no redness. 
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white strips, when moderately illuminated and rapidly 
rotated, causes the white and black to blend to grey; 
while a spark of electricity, or a flash of lightning, 
reduces the disk to apparent stillness, the white radial 
strips being for a time plainly seen. Now, the singing 
flame is a flashing flame, and M. Toepler has shown that 
by causing a striped disk to rotate at the proper speed in the 
presence of such a flame the disk is brought to apparent 
stillness, the white stripes being rendered plainly visible. 
The experiment is both easy and interesting. 

§ 5. Harmonic Sounds of Flame. 

A singing flame yields so freely to the pulses falling upon 
it that it is almost wholly governed by the surrounding 
tube : almost^ but not altogether. The pitch of the note 
depends in some measure upon the size of the flame. 
This is readily proved, by causing t\vo flames to emit the 
same note, and then slightly altering the size of either 
of them. The unison is instantly disturbed by beats. By 
altering the siz(i of a flame w^e can also, as already illus- 
trated, draw forth the harmonic overtones of the tube 
which surrounds it. ^Phis experiment is best performed 
with hydrogen, *its combustion being Tnuch more vigorous 
than that of ordinary gas. When a gfass tube 7 feet long 
is placed over a large hydrogt^ flame, the fundamental 
note of the tube is obtained, corresponding to a division 
of the column of air by a jingle node at the centre. 
Placing a second tube, 3 feet 6 inches long, over the 
same flame, no musical sound whatever is obtained; 
the large flame, in fact, is not able to accommodate 
itself to the vibrating period •of the shorter tube. B^t, 
on lessening the flame, it soon bursts into vigorous song, 
its note being ^ the octave of that yielded by the longer* 
tube. Removing the shorter tube, I once more cover 
the flame with the longer one. It no longer sounds its 
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fundamental note, but the precise note of the shorter 
tube. To accommodate itself to the vibrating period of 
the diminished flame, the longer column of air divides 
itself like an open organ-pipe when it yields its first 
harmojiic. By varying the size of the flame, it is possible, 
with the tube now before you, to obtain a series of notes 
whose rates of vibration are in the ratio of the numbers 
1 : 2 : 3 : 4 : 5, that is to say, the fundamental tone and 
its first four harmonics. 

These sounding flames, though probably never before 
raised to the intensity, or show^n in the variety, in which 
they have been exhibited here to-day, are of old stand- 
ing. In 1777, the sounds of a hydrogen flame were heard 
by Dr. Higgins. In 1802, they were investigated to 
some extent by Chladni, who also refers to an incorrect 
account of them given by I)e Luc. Chladni show’ed 
that the tones are those of the open tube which sur- 
rounds the flame, and he succeeded in obtaining the two 
first harmonics. In 1802, G. De la Kive experimented 
on this subject. Placing a little water in the bulb of a 
thermometer, and heating it, he sliowed that musical 
tones of force and sweetness could be produced by the 
periodic condensate n of the vapour in the stem of the 
thermometer. He accordingly referred the sounds of hydro- 
gen flames to the alternate expansion and condensation of 
the aqueous vapour produced by the combustion. We can 
readily imitate his experiments. Holding, wdth its stem 
oblique, a thermometer bulb containing w^ater in the flame 
of a spirit lamp, the sounds are heard, soon after the water 
begins to boil. In 1818, however, Faraday showed that 
tlip tones are produced when the tube surrounding the 
flame is placed in air of a temperature higher than 100° 
• C., condensation being then impossible. He also showed 
that the tones could be obtained from flames of carbonic 
oxide, where aqueous vapour is entirely out of the question. 



RESPONSIVE FLAMES. 


247 


§ 6. Action of Extraneous Sounds on Flame : 

Experiments of ScJiajfgotsch and Tyndall. 

After these experiments, the first novel acoustic ob- 
servation on flames was made in Berlin by the late Count 
Schaffgotsch, w’ho showed that when an ordinary gas flame 
was surmounted by a short tube, a strong falsetto voice 
pitched to the note of the tube, ^or to its higher oct^e, 
caused the flame to quiver. In some cases, when the note 
of the tube was high, the flame could even be extinguished 
by the voice. 

In the spring of 1857, this experiment came to my 
notice. No directions were given in the short account 
of it published in PoggendortFs ‘ Annalen ’ ; but, in 
endeavouring to ascertain the conditions of success, a 
number of singular effects forced themselves upon my at- 
tention. Meanwhile, Count Schaffgotsch also followed up 
the subject. To a great extent we travelled over the same 
ground, neither of us knowing how the other was engaged ; 
but so far as the experiments then executed are common 
to us both, to Count Schaffgotsch belongs the priority, 

JiCt me here repeat his first observation. Within a 
glass tube, ll*inehes\ong, burns a small gas flame, bright 
and silent. The note of the tube has been ascertained ; and 

t 

now, standing at some. distance from the flame, I sound 
that note; the flame quiveft^s. To produce extinctioit 
it is necessary to employ a burner with a very narrow 
aperture, from which the gas issues under considerable 
pressure. On gently singing the note of the tube sur- 
rounding such a flame, it quivers ; bdt on throwing more 
power into the voice the flanae is extinguished. 

The cause of the quivering of the flame will be test 
revealed by an experiment with the ,syren. As the note Qf 
the syren approaches that of the flame you hear beats, and 
at the same time you observe a dancing of the flame syn- 
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chronous with the beats. The jumps succeed each other 
more slowly as unison is approached. They cease when 
the unison is perfect, and they begin again as soon as the 
syren is urged beyond unison, becoming more rapid as the 
discordance is increased. The cause of the quiver observed 
by M. Schaffgotsch was revealed to me by this experiment. 
The flame jumped because the note of the tube surround- 
ing it was nearly, but not quite, in unison with the voice 
of the experimenter. 

That the jumping of the flame proceeds in exact accord- 
ance w’ith the beats is well shown by a tuning-fork which 
yields the same note as the flame. Loading such a fork 
with a bit of wax, so as to throw it slightly out of unison, 
and bringing it, when agitated, near the tube in which 
the flame is singing, the beats and the leaps of the flame 
occur at the same intervals. When the fork is placed over 
a resonant jar, all of you can hear the beats, and see at 
the same time the dancing of the flame. By changing 
the load upon the tuning-fork, or by slightly altering 
the size of the flame, the rate at which the beats succeed 
each other may be altered; but in all cases the jumps 
address the eye precisely when the beats address the ear. 

During these experiments I noticed that, on raising 
the voice to the proper pitch, a silent flame could 
be caused to sing. The same observation had, without 
my knowledge^, been inacfe a short time previously by 
Count Schaffgotsch. A tube, 12 inches long, is placed 
over a flame which stands about an inch and a half 
above the lower end of the tube. When the proper note is 
sounded the flame trembles, but it does not sing. When 
the tube is lowered until the /lame is three inches from its 
end^ the song is spontaneous. Between these two posi- 
tions there is a third^ at which, if the flame be placed, 
it will burn silently ; but if it be excited by the voice it 
will sing, and continue to sing. • 



FLAME EXCITED BY EXTRANEOUS SOUND. 


240 


When a silent flame, capable of being excited in the 
manner here described, is looked at in a moving mirror, it 
produces there a continuous band of light. Nothing can 
be more beautiful than the sudden breaking up of this 
band into a string of richly luminous pearls at the instant 
the voice is pitched to the proper note. 

One singing flame may be caused to effect the musical 
ignition of another. Before you are two small flames* /' 

Fig. 123 . 



and /, fig. 123, the tube over / being IQi inches, and 
that over / 12 inches long. The shoHer tube is clasped 
by a paper slider 8 . The flame / is now singing, but the 
flame /, in the longer tube, is silent. I raise the paper 
slider which surrounds /, so as to lengthen the tubes 
and on approaching the pitch of the tube surrounding /, 
that flame sings. The Experiment may be varied by 
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making f the singing flame, and f the silent one at start- 
ing. Raising the telescopic slider, a point is soon attained 
where the flame f commences its song. In this way one 
flame may excite another through considerable distances. 
It is also possible to silence the singing flame by the 
proper management of the voice. 


SENSITIVE NAKED FLAMES. 

§ 7. Discovery of Sensitive Flames by Leconte. 

We have hitherto dealt with flames surrounded by re- 
sonant tubes ; and none of these flames, if naked, would 
respond in any way to such noise or music as could be 
here applied. Still it is possible to make naked flames 
thus sympathetic. Tliis action of musical sounds upon 
naked flames wds first observed by Professor Leconte at a 
musical party in the United States. His observation is 
thus described : — ‘ Soon after the music commenced, I 
observed that the flame exhibited pulsations which were 
exactly synchronous with the audible beats. This pheno- 
menon Avas very striking to every one in the room, and 
especially so when the strong notes of the violoncello came 
in. It was exceedingly interesting to observe how perfectly 
feven the trills of this instrument were reflected on the sheet 
of flame. A deaf mq,n might have seen the harmony. 
As the evening advanced, and the diminished consumption 
of gas in the city increased the 'pressnre^Wie phenomenon 
became more conspicuous. The jumping of the flame 
gradually increased, became somewhat irregular, and, 
finally, it began to flare continuously, emitting the cha- 
racteristic sound indioating the escape of a greater amount 
of gas than could be properly consumed. ‘ I then ascer- 
tained by experiment, that the phenomenon did not take 
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place unless the discharge of gas was so regulated that the 
flame approximated to the condition of flaring. I like- 
wise determined by experiment, that the effects were not 
produced by jarring or shaking the floor and walls of the 
room by means of repeated concussions. Hence it is ob- 
vious that the pulsations of the flame were not owing to 
indirect vibrations propagated through the medium of 
the walls of the room to the burmng apparatus, but nfust 
have been produced by the direct influence of aerial 
sonorous pulses on the burning jet.' ' 

The significant remark, that the jumping of the flame 
was not observed until it was near flaring, suggests the 
Fio. 124. 



means of repeating the experiments ’of Professor Leconte ; 
while a more intimate knowledge of the conditions of success 
enables us to vary and exalt the effect in an extraordinafy 
degree. Before you burns a bright candle-flame, but no 
sound tluit can be produced here has any effect upon it. 
Though sonorous waves of grejit j^ower be sent through 
the air the candle-flame remains insensible. 

But by proper precautions even a candle-flame may be 
rendered sensitive. Urging from a small blow-pipe a 
narrow stream of air through such a flame, an incipient 

' ‘Philosophical Magazine^ March 1858, p. 235. In the Appendix 
Professor Leconte's interesting paper is given in exlcmo. 
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flu^^'U'ptoduced. The flame then jumps visibly to the 
sound of a whistle, or to a chirrup. The experiment may 
be so arranged that when the whistle sounds, the flame 
shall be either restored almost to its pristine brightness 
or that the small amount of light it still possesses shall 
disappear. 

The blow-pipe flame of our laboratory is totally un- 
affected by the sound of the whistle as long as no air is 
urged through it. By properly tempering the force of the 
blast, a flame is obtained of the shape shown in fig. 124, 
On sounding the whistle the erect portion of the flame 
drops down, and while the sound continues the flame 
maintains the form shown in fig. 125. 

§ 8. Experiments on Fish'-tcvil and BaVs-iving Flames. 

We now’ pass on to a thin sheet of flame, issuing from 
a common fish-tail burner, fig. 126. You might sing to 

Fro. 127. 



t^is flame, varying the, pitch of your voice, but no shiver of 
the flame would be visible. You might employ pitch- 
pipei^ tuning-forks, bells, and tAmpets, with a like ab- 
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sence of all effect, A barely perceptible motion ol^fbe 
interior of the flame may be noticed when a shrill whistle 
is blown close to it. But by turning the cock more fully 
on, the flame is brought to the verge of flaring. And now, 
when the whistle is blown, the flame thrusts suddenly out 
seven quivering tongues, fig. 127. The moment the sound 
ceases, the tongues disappear, and the flame becomes 
quiescent. » 

Passing from a fish-tail to a bat’s-wing burner, we 
obtain a broad, steady flame, fig. 128. It is quite insens- 

Fig. 129. 



ible to the loudest sound which wouJ,d be tolerable here. 
The flilme is fed from a small gas-holder.^ Increasing 
gradually the pressure, a slight^ flutter of the edge of th© 
flame at length answers to the sound of the whistle. Turn- 
ing on the gas until the flaifie is on the point of roaring, 
and blowing the whistle, it roars, and suddenly assumes 
the form shown in fig. 129. » 

When a distant anvil is ^struck with a hammer, the 
flame instantly responds by thrusting forth its tonguesf 
An essential condition to entire success in these experi-^ 
ments disclosed itself in the following manner. I w'as 
* A gas-bag properly weigliteii also answers for these experiments. 
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operating on two fish-tail flames, one of which jumped to 
a whistle while the other did not. The gas of the non- 
sensitive flame was turned off, additional pressure being 
thereby thrown upon the other flame. It flared, and its 
cock was turned so as to lower the flame; but it now 
proved non-sensitive, however close it might be brought to 
the point of flaring. The narrow orifice of the half-turned 
cock interfered with the action of the sound. When the 
cock was turned fully on, the flame being lowered by open- 
ing the cock of the other burner, it became again sensi- 
tive. Up to this time a great number of burners had 
been tried, but with many of them, the action was 7iiL 
Acting, however, upon the hint conveyed by this observa- 
tion, I had the cocks which fed the flames more W'idely 
opened. Our most refractory burners were thus rendered 
sensitive. 

In this way the observation of Prof. Leconte is easily 
and strikingly illustrated ; in our subsequent, and far 
more delicate exjDeriments, the precaution just referred to 
is still more essential. 

§ 9. ExperimenU on Flames from Circular ApeHures. 

A long flame may be shortened and a short one length- 
ened, according to circumstances, by sonorous vibrations. 
(£rhe flame sho>vn in fig. 130 is long, straight, and smoky; 
that in fig. 131 is short, forked, and brilliant. On sound- 
ing the whistle, the long flame becomes short, forked, and 
brilliant, as in fig. 132 ; while the forked flame becomes 
long and smoky, {^s in fig. 133. As regards, therefore, 
their response to the sound of the whistle, one of these 
flafnes is the complement of the other. 

In fig. 134 is represented another smoky flame which, 
when the whistle sounds, breaks up into the form shown 
in fig. 135. * 
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When a brilliant sensitive flame illuminates an other- 
wise dark room, in which a suitable bell is caused to strike, 
a series of periodic quenchings of the light by the sound 
occurs. Every stroke of the bell is accompanied by a 
momentary darkening of the room. 

The foregoing experiments illustrate the lengthening 
and shortening of flames by sonorous vibrations. They 
may also produce rotation. From some of our home- 


Fin. 133. 



made burners issue flat flames, about ten inches high, and. 
three inches across at their widest part. When the 
whistle sounds, the plane of each flapie turns ninety de- 
grees round, and continues in its new position as long as 
the sound continues. > 

A flame of admirable steadiness and brilliancy now 
burns before j you. It issues from a circular orifice in 
a common iron nipple, j This burner, which requires 
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g^at pressure to make its flame flare, has been specially 
chosen for the purpose of enabling you to observe, with 
distinctness, the gradual change from apathy to sensitive- 
ness. The flame, now 4 inches high, is quite indifferent 
to sound. On increasing the pressure its height becomes 
6 inches ; but it is still indifferent. When its length is 
12 inches, a barely perceptible quiver responds to the 
wlristle. When 16 or 17 inches high, it jumps briskly 
the moment the anvil'is tapped or the whistle sounded. 
When the flame is 20 inches long you observe a quivering 
at intervals, which announces that it is near roaring. A 
slight increase of pressure causes it to roar, and shorten at 
the same time to 8 inches. 

Diminishing the pressure a little, the flame is again 
20 inches long, but it is on the point of roaring and 
shortening. Like the singing flames which were started 
by the voice, it stands on the brink of a precipice. The 
proper note pushes it over. It shortens when the whistle 
sounds, exactly as it did when the pressure is in excess. 
The action reminds one of the story of the Swiss mule- 
teers, who are said to tie up their bells at certain places 
lest the tinkle should bring an avalanche down. The 
snow must be very delicately poised Before this could occur. 
It probably never did occur, but our flame illustrates the 
principle. We bring it to the verge of falling, Eind the 
ijonorous pulses precipitate what was already imminent. 

When the flame flares, the gas in the orifice of the 
burner is in a state of vibAition ; conversely, when the 
gas in the orifice is thrown into vibration, the flame, if 
sufficiently near the flaring point, will flare. Thus the 
sonorous vibrations, by actipg on the gas in the passage 
of ^he burner, become equivalent to an augmentation of 
pressure in the holder. In fact, we have here revealed to 
us the physical cause of flaring through excess of pressure, 
which, common as it is, has never been hitherto explained. 
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The gas encounters friction in the orifice of the burner^ 
which, when the force of transfer is sufficiently great, 
throws the issuing stream into the state of vibration that 
produces flaring. It is because the flaring is thus caused 
that an infinitesimal amount of energy in the form of 
vibrations of the proper period can produce an effect equi- 
valent to a considerable increase of pressure. 

§ 10. Seat of Sensitiveness. 


That the external vibrations act upon the gas in the 
orifice of the burner, and not, as some writers have sup- 
posed, upon the burner itself, the tube leading to it, or the 
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flame above it, is thus proved. A glass funnel R, fig. 136, 
is attached to a tube 3 feet long, and half an inch in dia- 
meter. A sensitive flame h is placed at the open end T of 
the tube, while a small high-pitched reed is placed in the 
funnel at R. When the sound is converged upon the root 
of the flame, as iu fig. 136, the action is violent : when con- 
verged on a point half an inch above the burner, as in fig. 
137, or at half an inch below tliQ burner, as in fig. 138, 
there is no action. The glass tube may be dispensed with 
and the funnel alone employed, if care be taken to screen 
off* all sound save that which passes through the shank 
of the funnel.' 

§ 11. Influence, of Pitch. 

All sounds are not equally effective on the flame ; 
waves of special periods are required to produce the maxi- 
mum effect. The effectual periods are those which syn- 
ciironise with tlie waves produced by the friction of the 
gas itself against the sides of its orifice. With a low- 
pressure flame a low deep vrhistle is more effective than a 
shrill one. With a high-pressure flame the exciting tre- 
mors must be very rapid, and the sound consequently shrill. 
Not one of these four tuning-forks, which vibrate 256 times, 
320 times, 384 tinies, and 512 times respectively in a second, 
has any effect upon the flame from our iron nipple. But, 
besides their fundamental tones, these forks, as you know, 
can be caused to yield a series of overtones of very high 
pitch. The vibratiolis of this series are 1,600, 2,000, 2,400, 
and 3,200 per second, respectively. The flame jumps in 
response to each of these sounds; the response to that 
of the highest pitch being the most prompt and energetic 
cof all. 

To the tap of a hammer upon a board the flame re- 

^ In the actions described in the case of the blow-j)ipe and candle flames 
it was the jet of air issuing from the blow-pipe, and not the flame itself, 
that was directly acte4 on by the external vibrations. 
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sponds ; but to the tap of the same hammer upon an anvil 
the response is much more brisk and animated. The 
reason is, that the clang of the anvil is rich in the higher 
tones to which the flame is most sensitive* The powerful 
tone obtained when our inverted bell is reinforced by its 
resonant tube has no power over this flame. But when a 
halfpenny is brought into contact with the vibrating sur- 
face the flame instanijy shortens, flutters, and roars. I 
send an assistant with a smaller bell* worked by clock-work, 
to the most distant part of the gallery. He there detaches 
the hammer; the strokes follow each other in rhythmic 
succession, and at every stroke the flame 
falls from a height of 20 to a height of 8 
inches, roaring as it falls. 

The rapidity with which sound is pro- 
pagated through air is well illustrated by 
these experiments. There is no sensible 
interval between the stroke of the bell 
and the ducking of the flame. 

When the sound acting on the flame 
is of very short duration a curious and 
instructive effect is observed. The sides 
of the flame half-wa}'* down, and lower, 
are seen suddenly fringed by luminpus 
tongues*, the central flame remaining ap- 
parently undisturbed in both height and 
thickness. The flame in its normal state 
is shown in fig. 139, and wifli its fringes 
in fig. 140. The effect is due to the re- 
tention of the impression upon the retina. 

The flame actually falls as low as the 
fringes, but its recovery is so quick that 
to the eye it does not appear to shorten at all.* 

* Numerous mtMificatioiis of these experiments are possible. Other 
inflammable gases than coal gastmay bo employed. Mixtures of gases 


Fig. 139. Fio.140. 
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§ 12. The Voioel JUtme. 

I have now to introduce to your notice an astonishingly 
sensitive flame.* It issues from the single orifice of a stea- 
tite burner, and reaches a height of 24 inches. The slightest 
tap on a distant anvil reduces its height to 7 inches. When 
a bunch of keys is shaken the flame is violently agitated, 
and emits a loud roar. The dropping of a sixpence into a 
hand already containing coin, at a distance of 20 yards, 
knocks the flame down. It is not possible to walk across 
the floor without agitating the flame. The creaking of 
boots sets it in violent commotion. The crumpling 
or tearing of paper, or the rustle of a silk dress, does the 
same. It is startled by the patter of a raindrop. I hold 
a watch near the flame : nobody hears its ticks ; but you 
all see their effect upon the flame. At every tick it falls 
and roars. The winding up of the watch also produces 
tumult. The twitter of a distant sparrow shakes the 
flame down ; the note of a cricket w^ould do the same. A 
chirrup from a distance of 30 yards causes it to fall and 
roar. I repeat a passage from Spenser : — 

Her ivory forehead full of bounty brave, 

Like a broad table did itself (Kspread ; ^ 

For love his’^lofty triumphs to engrave, 

And write*^ the battles of his great godhead. 

All truth and goodness might therein bo read, 

Fvr there their djfelling was, and when she spako, 

Sweet words, like dropping honey she did shed ; 

And through the pearts and rubies softly brako 
A silver sound, which heavenly music seemed to make. 

The flame selects from the sounds those to which it can 
respond. It notices some by the slightest nod, to others 
it. bows more distinctly, to some its obeisance is very 
profound, while to many sounds it turns an entirely deaf ear. 

have also been found to ^ield b(?autifal and striking, results. An infini- 
tesimal amount of mechanical impurity has been found to exert a powerful 
infiuence. * 
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In fig. 141 this wonderful flame is represented. On 
chirruping to it, or on shaking a bunch of keys within a 


Fig. 141. 
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few yards of it, it falls to the size shown in fig. 
142, the whole length, a 6, of tlie flame being 
suddenly abolished. The light at the same time 
is practically destroyed, a pale and almost non- 
luminous residue of it alone remaining. These 
figures are tak&n from photographs of the flame. 

To distinguish it from the others I have called 
this the ^ vowel flame,’ because the different vowel 
sounds affect it differently. A loud and sonorous 
U does not move the flame ; on changing the 
sound to o, the flame quivers ; when E is sounded, 
the flame is strongly affected. I utter the words 
hoot^ boatj and beat in succession. To the first 
there is no response ; to the second, the flame 
starts ; by the third is thrown into greater com- 
motion. The sound Ah! is still more powerful. 
Did we not know the constitution of vowel 
sounds this deportment would be an inso- 
luble enigma. As it is, however, the flame 
illustrates the theory of vowel sounds. It 
is most sensitive to sounds of high pitch ; 

Jience w^e should infer that the sound Ah ! 
contains higher notes tjian the sound E ; 
that E contains higher notes than o ; and o 
higher notes than u. , I need mot say that 
this agrees perfectly with the analysis of 
Helmholtz. 

This flame is peculiarly sensitive to 
the utterance of the 'letter s. A hiss 



contains the elements that most forcibly affect the flame. 
The gas issues from its burner with •a hiss, and an ex- • 
ternal sound of this character is therefore exceedingly 
effective. From a metal box containing compressed air 
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I allow a puflf to escape ; the flame instantly ducks down, 
not by any transfer of air from the box to the flame, 
for the distance between both utterly excludes this 
idea — it is the sound that affects the flame. From the 
most distant part of the gallery my assistant permits the 
compressed air to issue in puffs from the box ; at every 
puff the flame suddenly falls. The pulses produced by 
the issuing air at the one orifice precipitate the tumult 
of the flame at the other. 

When a musical-box is placed on the table, and per- 
mitted to play, the flame behaves like a sentient and 
motor creature — bowing slightly to some tones, and curt- 
seying deeply to others. 

§ 13. Mr. Philip Barry* 8 Sensitive Flame. 

Mr. Philip Barry has discovered a new and very effective 
form of sensitive flame which he thus describes in a letter 
to myself : — ^ It is the most sen- 
sitive of all the flames that I am 
acquainted with, though from its 
smaller size it is not so striking 
as your vowel-flame. It possesses 
the advantage that the ordinary 
pressure in the gas-mains is quite 
sufficient to produce it. The 
method of producing it consists in 
ignil^ng the gas (ordinary coal- 
gas) not at the burner but some 
inches above it, by interposing be- 
tween the burner and the flame a 
pieCe of wire-gauze. 

‘ I give a sketch of the arrange- 
ment adopted, fig. 143. The space 
between the burner and gauze was 2 inches. The gauze 
was about^ 7 inches square, resting on the ring of a re- 
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tort stand. It had 32 meshes to the lineal inch. The 
burner was Sugg’s steatite pin-hole burner, the same as 
that used for the vowel-flame. 

‘ The flame is a slender cone about four inches high, 
the upper portion giving a bright yellow light, the base 
being a non-luminous blue flame. At the least noise this 
flame roars, sinking down to the surface of the gauze, be- 
coming at the same thne invisibly It is very active in 
its responses, and being rather a noivsy flame, its sym- 
pathy is apparent to the ear as well as the eye. 

‘To the vowel- sounds it does not appear to answ'er 
so discriminatingjy as the vowel-flame. It is extremely 
sensitive to a, very slightly to E, more so to i, entirely 
non-sensitive to o, but slightly sensitive to u. 

‘ It dances in the most perfect manner to a small 
musical snuff-box, and is highly sensitive to most of the 
sonorous vibrations which affect the vowel-flames.’ 

§ 14. Lord Rayleigh^ 8 Sensitive Flame, 

Lord Eayleigh has recently devised a new arrange- 
ment for sensitive flames. A jet of coal gas from a 
pin-hole burneu rises \«ertically in the interior of a cavity 
from which the air is excluded. It ^ then passes into a 
brass tflbe, a few inches long, and on reaching the top, 
burns in the open. The front wlill of the cayity is formed# 
of a flexible membrane of tissue paper, through which 
external sounds can reach thft burner. 

The principle is the same as that of Barry’s flame. In 
both cases the unignited part of the.jet is the sensitive 
agent and the flame is only inp. indicator. Barry’s flame 
may be made very sensitive to sound, but it is open*to 
the objection of liability to disturbance by the slightest 
draught. A few years since Mr. ifidout proposed to en- 
close the jet in a tube eir-tight at the bottom, and to 
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ignite it only on arrival at the top of this tube. In this 
case, however, external vibrations have very imperfect 
access to the sensitive part of the jet, and when they 
reach it they afe of the wrong quality, having but little 
motion transverse to the motion of the jet. Lord Ray- 
leigh’s arrangement combines very satisfactorily sensitive- 
ness to sound and insensitiveness to wind, and it requires 
no higher pressure thap that of ordinary gas pipes. If the 
extreme of sensitiveness be aimed at, the gas pressure 
must be adjusted until the jet is on the point of flaring 
without sound. 

§ 1 5. Converging and Diverging Sound Lenses. 

Before quitting the sensitive flame, I wish to make 
before you an instructive experiment on the refraction of 


Fig, 144. 1 



sound. This point has been already illustrated ; but the 
experiment now to be made, initead of being confined to 
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the observation of a single person, will be apparent to yon 
all. It will also extend the demonstration from converg- 
ing to diverging sound lenses. 

Nitrous oxide — the gas so much employed by dentists 
— possesses a density about equal to that of carbonic acid. 
This gas, which is far preferable to carbonic acid, I propose 
to employ for our converging sound lens. By pressing an 
india-rubber bag containing the ^as, I produce a large 
soap bubble, which is intended to act as our lens. At 
a, fig. 144, is placed a concertina reed which produces a 

Fig. 145. 


note of high pitch. At c is placed a sensitive flame. 
The jiressure is so regulated •that the flame burns steadily 
and tranquilly when the reed sounds. I place the soap 
bubble 6, fig. 145, in front of the reed : .the flame is thrown 
into stormy agitation by the convergence upon it of the 
rays of sound.* On removing the bubble the tranquilltty 
of the flame is restored. ' I make the experiment several 
times in succession ; always, when Ihe bubble is absent, 

> Represented by th^ lines drawn from the reed. 
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the flame burns steadily; always when the bubble is 
introduced it flares and roars. This action of the bubble 
on the waves of sound corresponds exactly w’ith the action 
of a double convex glass lens upon the waves of light. 

And now for the complementary experiment. Through 
nitrous oxide sound moves more slowly than through air ; 
hence the power of this gas to concentrate the sonorous 
waves. Through hydrogen, as you know, sound passes 
much more rapidly tfcan through air, and by a lens 
formed of this gas, the sonorous waves, instead of being 
concentrated, ought to be caused to diverge. Let us see 



whether this is the case. As before, by means of Plateau’s 
mixture, I blow a large bubble*of hydrogen. At a (fig. 146) 
is our sounding reed, and at c our sensitive flame, the 
pressure being so regulated that the flame is thrown 
into violent agitation by th^ sound of the reed. I intro- 
duce the hydrogen bubble, b (fig. 147). The flame in- 
stantly rises tall and steady, and continues to burn tran- 
quilly as long as the bubble is in front* of the reed. 
This effect is due to the divergence of the waves of 
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sound. The action is precisely similar to that of a double 
concave lens upon the waves of light. 

The sound lenses here employed are without wrinkles 
or corrugations of any kind. They are in this respect 
more perfect than the lenses employed by M. Sondhaus. 
They accept, moreover, and transmit with perfect pliancy 
the motion of the waves of sound. Nitrous oxide is 



chosen in preference to. carbopic acid, because the latter 
gas rapidly disintegrates the film and caiftes the bubblfe 
to burst. I may add that collodio\!L balloons also make, 
with nitrous oxide and hydrogen, excellent lenses. 

In the foregoing illustrations /, as before, represents 
a funnel the shank of which converges the sound wavesf 
upon the root of the flame. • 

§ 16. Sensitive Smphe-jets. 

■ 

It is not to the flame, as such, that we owe the extra- 
ordinary phenomena wmich have been just described. 
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Effects substantially the same are obtained when a jet of 
unignited gas, of carbonic acid, hydrogen, or even air itself, 
issues from an orifice under proper pressure. None of 
these gases, however, can be seen in its passage through 
air, and, therefore, we must associate with them some 
substance which, while sharing their motions, will reveal 
them to the eye. The method employed from time to 
time in this place of rendering aerial vortices visible 
has been knowm to some of you for half a century. By 
tapping a membrane w’hich closes the mouth of a large 
funnel filled with smoke, we obtain beautiful smoke-rings, 
which reveal the motion of the air. By associating smoke 
with oiur gas-jets, in the present instance, we can also trace 
their course, and when this is done, the unignited gas 
proves as sensitive as the flames. The smoke-jets jump, 
shorten, split into forks, or lengthen into columns, when 
the p/’oper notes are sounded. 

Underneath this gas-holder are placed two small basins, 
the one containing hydrochloric acid, and the other am- 
monia. Fumes of sal-ammoniac are thus copiously formed, 
and mingle with the gas contfiined in the holder. We 
may, as already stated, operate with coal-gas, carbonic 
acid, air, or hydrogen ; each of them yields good effects. 
From our excellent st(?atite burner now issues a thin column 
of smoke. On sounding the whistle, which was so effect- 
ive with the flaines, it is found ineffective. When, more- 
over, the highest notes of a series of Pandean pipes are 
sounded, they are also ineffective. Nor will the lowest 
notes answer. But when a certain pipe, vrhich stands 
about the middle of the series, is sounded, the smoke- 
column falls, forming a short stem with a thick bushy 
head. It is also pressed down, as if by a vertical wind, by 
a<knock upon the table. At every tap it drops. A stroke 
on an anvil, on the contrary, produces little' or no effect. 
In fact, the pressure being small,* the notes here effective 
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are of a much lower pitch than those which were most 
efficient in the case of the flames. 

The amount of shrinkage exhibited by some of these 
smoke-columns, in proportion to their length, is far greater 
than that of the flames. A tap on the table causes a smoke- 
jet eighteen inches high to shorten to a bushy bouquet 
with a stem not more than an inch in height. The smoke- 
column, moreover, re^onds to the voice. A cough knocks 
it down ; and it dances to the \\me of a musical-box. 
SomO notes cause the mere top of the column to gather 
itself up into a bunch ; at other notes the bunch 
is formed midway down ; 
while notes of more suit- 
able pitch cause the 
column to contract itself 
to a cumulus not much 
more than an inch above 
the end of the burner. 

Various forms of the 
dancing smoke-jet are 
shown in fig. 148. As 
the music continues, the 
action of the smdke- 
column consists of a 
series of rapid leaps from 
one of these forms to 
another. 

In a perfectly still atmosphere these slender smoke- 
columns rise sometimes to a height of nearly two feet, 
apparently vanishing into air at the summit. When this 
is the case^ our most sensitive flames fall far behind them 
in delicacy; and though less striking than the flames, the 
smoke-wreaths are often more graceful. Not only speciajl 
words, but e^ery word, and even every syllable of the 
foregoing stanza from Spenser, tumbles a really sensitive 
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smoke-jet into confusion. To produce such effects, a per- 
fectly tranquil atmosphere is necessary. Flame experi- 
ments, in fijet, are possible in an atmosj)here where 
smoke-jets are utterly unmanageable.^ 

§ 17. Constitation of Liquid Veins: Sensitive 
Water-jets. 

We have thus far^^confined ouf attention to jets of 
ignited and nnignited coal-gas— of carbonic acid, hydro- 
gen, and air. We will now turn to jets of water. And 
here a series of experiments, remarkable for their beauty, 
has long existed, which claim relationship to those just 
described. These are the experiments of F elix Savart< on 
liquid veins. If the bottom of a vessel eontaining water 
be pierced by a circular orifice, the descending liquid 
vein will exhibit two parts unmistakably distinct. The 
part of the vein nearest the orifice is steady and limpid, 
presenting the appearance of a solid glass rod. It de- 
creases in diameter as it descends, reaches a point of 
maximum contraction, from w^hich point downw«ards it 
appears turbid and unsteady. The course of the vein, 
moreover, is marked by periodic swellings and contrac- 
tions. Savart has represented these appearances as in 
fig. 149. The partU n nearest the orifice is limpid and 
^steady, while all the partcbelow*?^ is in a state of quiver- 
ing motion. This lower part of the vein appears con- 
tinuous to the eye ^ but tl\e finger can be sometimes 
passed through it without being whetted. This, of course, 

could not be the case if the vein were really continuous. 

« 

' Referring to these effects, Helgiholtz says : — * Die erstannliche Emp- 
finlilichkeit eines niit Uauch impragiiirten cylindrischen Liiftstrahls gegen 
Scball ist von llcrrn Tyndall bcschrieben worden ; ich habe dieselbo besta^ 
«tigt gefunden. Es ist dies ^ffenbarr cine Eigenschaft der Trennungsflachen 
die fur das Anblasen der Pieifen von grosster Wichtigkeit ist.’ Discon- 
tinuirliche Luftbewegung, Monatsbericht^ April 1868. 
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The upper portion of the vein, 
moreover, intercepts vision ; 
the lower portion, even when 
the liquid is mercury, does not. 
In fact the vein resolves^ itself, 
at 71, into liquid spherules, its 
apparent continuity being due 
to the retention of the impres- 
sions made by the falling drops 
upon the retina. If, while 
looking at the disturbed por- 
tion of the vein, the head be 
suddenly lowered, the descend- 
ing column will be resolved 
for a moment into separate 
drops. One way of reducing 
the vein to its constituent 
spherules is to illuminate the 
vein, in a dark room, by a 
succession of electric fljishes. 
Every flash ^reveals the drops, 
as if they were perfectly mo- 
tionless in the air. ^ 

Could the appearance of 
the vein illuminated by a 
single flash be rendered per- 
manent, it w^ould be that re- 
presented in fig. 150. And 
here we find revealed the 
cause of those swellings and 
contractions which the dis- 
turbed portion of the vein 
exhibits. The drops, as they 
descend, are continually chang- 
ing their forms. Whe^ first 
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detached from the end of the limpid portion of the vein, 
the drop is a spheroid with its longest axis vertical. But 
a liquid cannot retain this shape, if abandoned to the 
forces of its own niolecules. The spheroid seeks to become 
a sphere— the longer diameter therefore shortens ; but, 
like a pendulum which seeks to return to its position of 
rest, the contraction of the vertical diameter goes too far, 
and the drop becomes a flattened spheroid. Now, the con- 
tractions of the jet are formed at those places where the 
longest axis of the drop is vertical, while the swellings 
appear where the longest axis is horizontal. It will be 
noticed that between every two of the larger drops is a 
third one of much smaller dimensions. According to 
Savart, their appearance is invariable. 

I wish to make the constitution of a liquid vein evi- 
dent to you by a simple but beautiful experiment. The 
condensing lens has been removed from our electric lamp, 
the light being permitted to pass directly through a ver- 
tical slit fixed in front of the camera. The slice of light 
thus obtained is so divergent that it illuminates, from top to 
bottom, a liquid vein several feet long, placed at some 
distance from the lamp. Immediately in front of the 
camera ‘is a large disc of zinc with six radial slits, about 
ten inches long and an inch wide. By the rotation of the 
disc the light is caused to fall in flashes upon the je*t ; and 
Men the suitable speed of rotation has been attained, the 
vein is resolved into its constituent spherules. Eeceiving 
the shadow of the vein upon a white screen, its constitu- 
tion is rendered clearly visible to all here present. 

t 

This breaking-up of a liquid vein into drops has been 
a subject of frequent experiment and much discussion. 
Savart traced the pulsations to the orifice, but he did not 
tliink that they were produced by friction. They are 
powerfully influenced by sonoious vibrations. In the 
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midst of a large city it is hardly possible to obtain the 
requisite tranquillity for the full development of the con- 
tinuous portion of the vein. Savart was so far able to 
withdraw his vein from the influence of such irregular 
vibrations, that its limpid portion became elongated to 
the extent shown in fig. 151. It will be understood that 
fig. 149 represents a vein exposed to the irregular vibra- 
tions of the city of Paris, while fig. 151 represents one 
produced under precisely the same conditions, but with- 
drawn from those \'ibrations. 

The drops into which the vein finally resolves itself, 
are incipient even in its limpid portion, announcing 
themselves there as annular protuberances, which become 
more and more pronounced, until finally they separate 
Their birth-place is near the orifice itself, and under even 
moderate pressure they succeed each other with sufficient 
rapidity to produce a feeble musical note. By permitting 
the drops to fall upon a membrane, the pitch of this note 
may be fixed ; and now we come to the point which con- 
nects the phenomena of liquid veins with those of sensi- 
tive flames and smoke-jets. If a note in unison with that 
of the vein be sounded near it, the limpid portion in- 
stantly shortens.. The pitch may vary to some extent, and 
still cause a shortening; but the unisonant note is the 
most effectuiil. Savart’s , experiments on vertically de- 
scending veins have been recently repeated in our labora- 
tory with striking effect. From a distance of thirty yards 
the limpid portion of the vein has been shortened by the 
sound of an organ-pipe of the proper pitch and of mode- 
rate intensity. 

In Plateau’s researches on* the figures of equilibrium 
assumed by bodies withdrawn from the action of gravity, 
he finds that a liquid cylinder is stable.as long as its length 
does not exceed three times its diameter ; or, more accu- 
rately, as long as the ratio between them does not exceed 

T 
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that^of the diameter of a circle to its' circumference^ or 
3’1416. If this be a little exceeded the cylinder begins to 
narrow at some point or other of its length : nips itself 
there breaks, anii forms immediately two spheres. If the 
ratio of the length of the cylinder to its diameter greatly 
exceed 3* 14 16, then, instead of breaking up into two 
spheres, it breaks up into several. 

A liquid cylinder^ may be obtained by introducing 
olive oil into a mixture of alcohol and water, of the same 
density as the oil. The oil forms a sphere. Two discs 
of smaller diameter than the sphere are brought into 
contact with it, and then drawn apart ; the oil clings to 
the discs, and the sphere is transformed into a cylinder. 
If the quantity of oil be insufficient to produce the maxi- 
mum length of cylinder, more may be added by a pipette. 
In making this experiment it will be noticed that when 
the^proper length is exceeded, the nipped portion of the 
cylinder elongates, and exists for a moment as a very thin 
liquid cylinder uniting the two incipient spheres ; and 
that when rupture occurs, the thin cylinder, which has also 
exceeded its proper length, breaks so as to form a small 
spherule between the two larger ones. This is a point of 
considerable significance in relation to our present question. 

Now, Plateau contends that the play of the molecular 
forces in a liquid cylindej is not suspended by its motion 
of translatiod. The first portion of a vein of water quit- 
ting an orifice is a cylinder, to w'hich the laws which he has 
established regarding motionless cylinders apply. The 
moment the descending vein exceeds the proper length it 
begins to pinch itSelf so as to form drops ; but urged for- 
ward as it is by the presliure above it, and by its own 
gravity, in the time required for the rounding of the drop 
« it reaches a certain distance from the orifice. At this 
distance, the pressure remaining constant, and the vein 
being withdrawn from externll disturbance, rupture in- 
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variably occurs. And the rupture is accompanied by the 
phenomenon which has been just called significant. Be- 
tween every two succeeding large drops a small spherule 
is formed as shown in fig. 150. / 

Permitting a vein of oil to fall from an orifice, not 
through the air, but through a mixture of alcohol and 
water of the proper density, the continuous portion of the 
vein, its resolution into drops, and, the formation of the 
small spherule between each liber ited drop and the eiid 
of the liquid cylinder which it has just quitted, may be 
vratched with the utmost deliberation. The effect of this 
and other experiments upon the mind will be to produce 
the conviction that the very beautiful explanation offered 
by Plateau is also the true one. The various laws esta- 
blished experimentally by Savart all follow immediately 
from Plateau’s theory. 

In a small paper published many years ago I drew 
attention to the fact that when a descending vein 
intersects a liquid surface above the p:)int of rupture, if 
the pressure be not too great, it enters the liquid silently ; 
but when the surface intersects the vein below the point 
of rupture a rattle is immediately heard, and bubbles are 
copiously produced. In the former case, not only is there • 
no violent dashing aside of the liquid, 'but round the base 
of the vein, and in opposition ^to its motion, the liquid 
collects in a heap, by its surface tension* or capillary 
attraction. This experiment can be* combined with two 
other observations of Savart’s, in a beautiful and instruc- 
tive manner. In addition to the shortening of the con- 
tinuous portion by sound, Savart found* that when he per- 
mitted his membrane to intersect the vein at one of 
protuberances, the sound was louder than when the inter- 
section occurred at the contracted portion. a 

I now permit a vein to descend, under scarcely any 
pressure, from a tube thi^e-quarters of an inch in dia- 



m 


LECTURE VI. 


meter, and enter silently a basin of water plaeed nearly 
20 inches below the orifice. On sounding vigorously a 
tuning-fork, vibrating 128 times in a second, the pellucid 
jet is instantly broken, and as many as three of its swell- 
ings rise above the surface. The rattle of air bubbles is 
instantly heard, the basin being filled with them. As 
the sound slowly dies out, the continuous portion of the 
vein lengthens, a series of alternairions in the production 
of the bubbles being observed. When the swellings of 
the vein cut the surface of the water, the bubbles are 
copious and loud ; when the contracted portion crosses 
the surface, the bubbles are scanty and scarcely audible. 
Finally the vein, as the sound dies away, assumes its 
original continuity and steadiness. 

Removing the basin, placing an iron tray in its place, 
and exciting the fork, the vein, w^hieh at first strikes 
silently upon the tray, commences a rattle which rises and 
sinks with the dying out of the sound, according as the 
swellings or contractions of the jet impinge upon the 
surface. These are simple and beautiful experiments. 

Savart also caused his vein to issue not only verti- 
cially,*but horizontally and at various inclinations to the 
horizon. He found that, in certain cases, sonorous vibra- 
tions were competent to (jause a» jet to. divide into two or 
three branches. In these experiments the liquid was per- 
mitted to issue throiigh an orifice in a thin plate. Instead 
of this, however, we will resort to our favourite steatite 
burner ; for with water also it asserts the same mastery over 
its fellows that it^ exhibited with flames and smoke-jets. 
I^ will, moreover, reveal t<f us some entirely novel results. 

By means of an india-rubber tube the burner is con- 
k nected with the water-pipes of the Institution, and, by 
pointing it obliquely upwards, we obtain a fine parabolic 

(fig. 152). At a certain distance from the orifice, the 
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vein resolves itself into beautiful spherules, whose motions 
are not rapid enough to make the vein appear continuous. 
At the vertex of the parabola the spray of pearls is more 
than an inch across, and, further on, thtf drops are still 
more widely scattered. On sweeping a fiddle-bow across a 
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tuning-fork which executes 512 vibrations in a second, 
the scattered drops, as if drawn together by their mutual 
attractions, instantly close up', and form an apparently 
continuous liquid arch several feet in height and span 
(shown in fig. 153). As long as the proper note is main- 
tained the vein looks like a frozen band, so motionless 
does it appear. On stoppifig the fork the arch is shaken 
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asunder, and we have the same play of liqxiid pearls as 
before. Every sweep of the bow, however, causes the 
drops to fall into a common line of march. 

A pitch-pipb, or an organ-pipe yielding the note of 
this tuning-fork, also powerfully controls the vein. The 
voice does the same. On pitching it to a note of mode- 
rate intensity, it causes the wandering drops to gather 
themselves together. ^ At a distance of twenty yards, the 
voice is, to all appearance, as powerful in curbing the vein, 
and causing its drops to close up, as it is when close to 
the issuing jet. 

By means of a circle of zinc cut into radial slits, and 
caused to rotate rapidly, a succession of flashes may be 
thrown upon the vein. Its resolution into drops is thus 
rendered strikingly evident, while the formation and 
arrangement of new drops at the end of the continuous por- 
tion^of the vein, when the proper musical note is sounded, 
can be seen by every member of this large audience. The 
experiment is one of extreme beauty. 

The effect of ‘ beats ’ upon the vein is also beautiful 
and instructive. They may be produced either by organ- 
pipes or by tuning-forks. You will learn in our next 
lectufe that when two forks vibrate, the one 512 times, 
and the other 508 times in a second, they produce four beats 
in a second. When these forka are soqnded the beats are 
heard, and the liquid vein is seen to gather up its pearls, 
and scatter them synchronism with the beats. The 
sensitiveness of this vein is astounding ; it rivals that of 
the ear itself. Placing the two tuning-forks on a distant 
table, and permitting the beats to die gradually out, the 
vein continues its rhythnf almost as long as hearing is 
possible. A more sensitive vein might actually prove 
superior to the ear-^-a very surprising result, considering 
the marvellous delicacy of this organ.^ 

* When these two tuning-forks were placed in contact with a yessel 
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By introducing a Leyden jar into the circuit of a 
powerful induction-coil, a series. of dense and dazzling 
flashes of light, each of momentary duration, is obtained. 
Every such flash in a darkened room renders the drops 
distinct, each drop being transformed into a little star of 
intense brilliancy. If the vein be then acted on by a 
sound of the proper pitch, it instantly gathers its drops 
together into a necklace of inimitable beauty. 

In these experiments the whole vein gathers itself into 
a single arched band when the proper note is sounded ; 
but, by varying the conditions, it may be caused to divide 
into two or more such bands, as shown in fig. 154. Draw- 
ings, however, are ineffectual here ; for the wonder of 
these experiments depends mainly on the sudden transi- 
tion of the vein from one state to the other. In the 
motion dwells the surprise, and this no drawing can 
render.^ 

m 

from which a liquid vein issued, the visible action on the vein continued 
long after the forks had ceased to be heard. 

* The experiments on sounding flames have been cons’derably extended, 
at my request, by my assistant Mr. Cottrell. By causing flame to rii b against 
flame, various musical sounds can be obtained — some resembling those of a 
trumpet, others those of a Urk. By the friction of uiiignited gas-jets, simi- 
lar though less intense effects fcre produced. When the two flames of a fish- ^ 
tail burner are permitted to impinge on a plate of p'atinum, ns in Scholl’s 
‘ perfectors,* the sounds are trumpet-like, and Very loud. Two ignited 
gas-jets may be caused^ to flattqp out like Savart’s water-jets. Or they 
may be caused to roll themselves into tVo hollow horqs, forming a most# 
instiuotive example of the WirheJflachen of Helmholtz. The carbon part- 
icles liberated in the flame rise w'lth the hornr* in continuous red-hot or 
white-hot spirals, which arc extinguished at a height of some inches from 
their phice of generation. 
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SUMMARY OF LECTURE VL 
SINGING FLAMV.S. 

When a gas-flame is placed in a tube, the air in pass- 
ing over the flame is thrown into vibration, musical sounds 
being the consequence. 

Making allowance for the high temperature of the 
column of air associated with the flame, the pitch of the 
note is that of an open organ-pipe of the length of the tube 
surrounding the flame. 

The vibrations of the flame, while the sound continues, 
consists of a series of periodic extinctions, total or partial, 
betw'een every two of which the flame partially recovers its 
brightness. 

The periodicity of the phenomenon may be demon- 
strated by means of a concave mirror which forms an 
f imagefof the vibrating flame upon* a screen. When the 
image is sharply defined, the rotation of the mirror rer 
duces the single image to a series of separate images of 
^ the flame. The dark spaces between the images corre- 
spond to the extinctions of the flame, while the images 
themselves correspond to its*periods of recovery. 

Besides the fundamental note of the associated tube, 
the flame can also<)e caused to excite the higher overtones 
of the tube. The successive divisions of the column of air 
are those of an open organ-pipe when its harmonic tones 
^are sounded. 

On sounding a note nearly in unison vfith a tube con- 
taining a silent flame, the flam jumps ; and if the position 
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of the flame in the tube be rightly chosen, the extraneous 
sound will cause the flame to sing. 

While the flame is singing, a note nearly in unison 
with its own produces beats, and the flame is seen to jump 
in synchronism with the beats. The jumping is also ob- 
served when the position of the flame within its tube is 
not such as to enable it to sing. 

• 

SENSITIVE FLAMES. 

When the pressure of tlie gas which feeds a naked 
flame is augmented, the flame, up to a certain point, in- 
creases in size. But if the pressure be too great, the flame 
roars or flares. 

The roaring or flaring of the flame is caused by the 
state of vibration into which the gas is thrown in the 
orifice of the burner, when the pressure which ui^es it 
through the orifice is excessive. 

If the vibrations in the orifice of the burner be super- 
induced by an extraneous sound, the flame will flare under 
a pressure less than that which, of itself, would produce 
flaring. 

The gas under excessive pressure has vibrations of ^ 
definite period impressed upon it as ijb passes through the 
bumeri To operate with a maximum effect upon the 
flame the external sound must contain s'ibrations syn-* 
chronous with those of the issuing gas. 

When such a sound is cfiosen, and when the flame is 
brought sufficiently near its flaring point, it furnishes an ’ 
acoustic reagent of unexampled delicacy. 

At a distance of 30 yards^ for example, the chirrup of 
a house sparrow would be competent to throw the flahie 
into commotion. 

By means ‘of soap bubbles blown with nitrous oxide 
on the one hand, and with hydrogen on the other, the 



LECTURE VI. 


divergence and the convergence of the waves of sound 
may be illustrated in a beautiful and striking manner* 
By the converging sound-lens a tranquil sensitive flame 
is thrown into violent agitation. By the diverging sound- 
lens a violently agitated flame is rendered perfectly tran- 
quil. The action of double convex and double concave 
g"ass lenses upon light is thus perfectly imitated in the 
case of sound. ^ 

It is not to the flame, as such, that we are to ascribe 
these effects. Effects substantially similar are produced 
w" en we employ jets of unignited coal-gas, carbonic acid, 
hydrogen, or air. These jets may be rendered visible by 
smoke, and the smoke-jets show a sensitiveness to sonorous 
vibrations even greater than that of the flames. 

When a brilliant sensitive flame illuminates an other- 
wise dark room, in which a suitable bell is caused to strike, 
a series of periodic quenchings of the light by the sound 
occurs. Every stroke of the bell is accompanied by a 
momentary darkening of the room. 

A jet of water descending from a circular orifice is 
composed of two distinct portions, the one pellucid and 
calm ; the other in commotion. When properly analysed 
,the former portion is found continuous ; the latter being a 
succession of drops. « 

If these drops be received upon a membrane, a musical 
\iound is produced. When an extraneous sound of this 
particular pitch is produced in the neighbourhood of the 
vein, the continuous portion is seen to shorten. 

The discontinuous portion of the vein presents a 
series of swellings «and contractions, in the former of 
which the drops are flattened, and in the latter elongated. 
Tlfe sound produced by the flattened drops on striking 
the membrane, is louder than that produced by the elon- 
gated ones. • 

Above its point of rupture ♦a vein of water may be 
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caused to enter water silently ; but on sounding a suitable 
note, the rattle of bubbles is immediately heard ; the dis- 
continuous part of the vein rises above the surface, and as 
the sound dies out the successive swellings and contrac- 
tions produce alternations of the quantity and sound of the 
bubbles. 

. In veins propelled obliquely, the scattered water-drops 
may be called together by a suitable sound, so as to form 
an apparently continuous liquid arch. 

Liquid veins may be analysed by the electric spark, or 
by a succession of flashes illuminating the veins. 
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LECTURE VII. 

< PART I. 

RESEARCHES ON THE ACOUSTIC TRANSPARENCY OF THE 
ATMOSPHERE IN RELATION TO THE QUESTION OF FOG- 
SIGNALLING. 

INTRODUCTION — INSTRUMENTS AND OBSEBTATIONS — INFLUENCE OF SOUND- 
SHADOW — CONTRADICTORY RESULTS — SOLUTION OP CONTRADICTIONS — 
AERIAL REFLECTION AND ITS CAUSES — AERIAL ECHOES — ACOUSTIC CLOUDS — 
EXPERIMENTAL DEMONSTRATION OP STOPPAGE OP SOUND BY AERIAL 
REFLECTION, 

§ 1. Introduction. 

T he care of its sailors is one of the first duties._of a mari- 
time people, and one of the sailor’s greatest dangers is 
his proximity to the coast at night. Hence the idea of 
warning him of such proximity by beacon-fires placed 
sometimes on natural eminences and sometimes on towers 
built expressly for the purpose. Close to Dover Castle, 
for example, stands an ancient Pharos of this description. 

*■ As our marine increased greater skill was invoked, and 
lamps reinforced by parabolic reflectors poured their light 
upon the sea. Several of these lamps were sometimes 
grouped together so as to intensify the light, which at a 
little distance appeared as if it emanated from a single 
source. This ‘ catoptric ’ form of apparatus is still to 
soihe extent employed in our lighthouse service, but for a 
long time past it has been more and more displaced by 
the great lenses devised by the illustriou's Frenchman, 
Fresnel. • 
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In a first-class ‘ dioptric ’ apparatus the light emanates 
from a lamp with several concentric wicks, the flame of 
which, being kindled by a very active draught, attains to 
great intensity. In fixed lights the l^ses refract the 
rays issuing from the lamp so as to cause them to form a 
luminous sheet which grazes the sea-horizon. In revolv- 
ing lights the lenses gather up the rays into distinct 
beams, resembling the spokes of, a wheel, which sweep 
over the sea and strike the eye of the mariner in succession. 

It is not for clear weather that the greatest strength- 
ening of the light is intended, for here it is not needed. 
Nor is it for densely foggy weather, for here it is ineffect- 
ual. But it is for the intermediate stages of hazy, snowy, 
or rainy weather, in which a powerful light can assert 
itself, while a feeble one is extinguished. The usual first- 
order lamp is one of four wicks, but Mr. Douglass (now 
Sir James Douglass), the able and indefatigable engineer 
of the Trinity House, had the number of the wicks raised 
to six, which produce a very noble flame.* The six-wick 
lamp was preceded in time and surpassed in power 
by the burners of Mr. Wigham, of Dublin, to whom 
we are indebted for the successful application of gas to 
lighthouse illumination. In some lighthouses his* power, 
varies from 28 jets to 108 jets, while»in the lighthouse of 
Galley Head a pqyrer of ^32 jets could, if desired, be em- 
ployed. These larger powers are invoked ^nly in case of 
fog, the 28 -jet burner being amply sufficient for clear 
weather. The passage from the small burner to the 
large, and from the large burner to the small, is made 
with ease, rapidity, and certainty. This employment of 
gas is indigenous to Ireland,* and the Board of Trade has 
exercised a wise liberality in allowing every facility to 
Mr. Wigham for the development o^ his invention. , 

* An 8-wick lamp has been recently produced under the superintend- 
ence of the engineer of the Trinily House. 
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The last great agent employed in lighthouse illumina- 
tion is electricity. It was in this Institution, beginning in 
1831, that Faraday proved the ed|tence and illustrated 
the laws of those* induced currents which in our day have 
received such astounding development. In relation to 
this subject Faraday’s words have a prophetic ring : ‘ I 
have rather,’ he writes in 1831, ‘been desirous of discover- 
ing new facts and new relations dependent on magneto- 
electric induction than of exalting the force of those 
already obtained, being assured that the latter would 
find their full development hereafter.’ The labours of 
modem electricians constitute a brilliant fulfilment of 
this prediction. 

Our most intense lights, including the six- wick lamp, 
the Wigham gas-light, and the electric light, being 
intended to aid the mariner in heavy weather, may be 
regarded, in a certain sense, as fog signals. But the 
cloud produced by the puff of a locomotive can quench 
the rays of the noonday sun ; it is not therefore^ surprising 
that in dense fogs our most powerful coast-lights, including 
even the electric light, should become useless to the 
mariner. 

" Disastrous shipwrecks are the 'consequence. During 
the ten years ending in 1874 no less than two hundred 
and seventy-three vessels were, reported as totally lost 
^on our own ebasts in fog or thick weather. The loss, I 
believe, is far greatfjr on the American seaboard, where 
trade is more eager and fogs more frequent than 
they are here. No wonder, then, that earnest efforts 
should have been lhade to find a substitute for light in 
sound-signals, powerful enough to give warning and guid- 
ance to mariners while still at a safe distance from the 
.shore. 

Such signals have been established tb some extent 
upon our own coasts, and to a Still greater extent along 
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the coasts of Canada and the United States. But the 
evidence as to their value and performance was of the 
most conflicting charaflfer, and no investigation sufficiently 
thorough to clear up uncertainty and explain conflicting 
observations had been made. Soon after my return 
from America in 1873 I was requested by the Elder 
Brethren of the Trinity House to undertake the direction 
of an inquiry which should fill the blank here indicated. 
I entered upon it inspired by duty rather than hope, for I 
feared that the observations would be tedious and the 
scientific results uncertain. But the study of any natural 
problem, if only steadfastly pursued, is sure in the end to 
reward the inquirer. And so in the present instance, 
after some preliminary groping, light began to dawn upon 
the subject, exposing many old errors and revealing some 
novel truths. 


§ 2. Condition of the Question. 

In a very clear and able letter addressed to the President 
of the Board of Trade in 1863,* Dr. Kobinson, of Armagh, 
thus suinirarises our knowledge of fog -signals : — ‘ Nearly 
all that is known about fog-signals is to be found in the 
Report on Lights and Beacons ; and of it much fs little* 
better than conjecture. Its substance is as follovrs : — 

‘ Light is scarcely availably for this purpose. Blue^ 
lights are used in the Hoogly; but it is not stated at what 
distance they are visible in/og: their glare may be seen 
further than their flame. It might, hovrever, be desirable . 
to ascertain how far the electric light or its flash can be 
traced.® 

‘ Sound is the only known means really effective; bjit 
about it testimonies are conflicting, and there is scarcely 

* Report of tho^Iiritisli Association for 1863, p. 10f5. * 

® Powerful electric lights have been since established on tlie coast of 
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one fact relating to its use as a signal which can be con- 
sidered as established. Even the most important of all, 
the distance at which it ceases to be heard, is undecided. 

‘ Up to the present time all signal-sounds have been 
made in air, though this medium has grave disadvantages : 
its own currents interfere with the sound-waves, so that a 
gun or bell which is heard several miles down the wind is 
inaudible more than a few furlongs it. A still greater 
evil is that it is least effective when most needed ; for fog 
is a powerful damper of sound.’ 

Dr. Robinson here expresses the prevalent opinion, 
and he then assigns the theoretic cause of the acoustic 
opacity of fog. Fog, he says, ‘is a mixture of air and 
globules of water, and at each of the innumerable surfaces 
where these tw^o touch, a portion of the vibration is re- 
flected and lost.* Snow produces a similar effect, 

and o/ie still more injurious.’ 

Reflection being thus considered to take place at the 
surfaces of the suspended particles, it followed that the 
greater the number of particles, or, in other words, the 
denser the fog, the more injurious would be its action 
upon sound. Hence optical transparency came to be con- 
« sidered as a measure of acoustic tranfeparenoy. On this point 
Dr. Robinson, in tli-e letter referred to, expresses himself 
thus ‘ At the outset, it is obvious that, to^ make experi- 
^ments comparable^ we must have some measure of the fog’s 
power of stopping sound, without attending to which the 
most anomalous results may fee expected. It seems prob- 
able that this will bear some simple relation to its opacity 
to light, and that the distance at which a given object, as 
a flag or pole, disappears, may be taken as the measure.’ 

‘ Still clear air ’ is regarded in this letter as the best 
^vehicle of sound, the alleged action of fogs, rain, and 

* This In also 5ir John Herschel’s way of regarding tlie subject (Essay 
on Sound, par. 3S). ^ 
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snow being ascribed to their rendering the atmosphere 
‘ a discontinuous medium/ 

To Mr. Alexander Beazeley we are indebted for an 
extremely useful summary of existing kno\dedge regarding 
fog signals.' He classifies the various instruments hitherto 
employed, and gives some account of their performance. 
As regards the action of fog upon sound, the statements 
made in the body of , his papers agree with those just 
quoted from Dr. Eobinson. ‘ Fogs,' he says, ‘ have a re- 
markable power of deadening sound, and act in this respect 
so irregularly that experiments made during clear weather 
have little or no practical value, except as mere competi- 
tive trials of different instruments.’ 

In the discussion which followed the rejiding of Mr.‘ 
Beazeiey’s paper at the Institution of Civil Engineers, Dr. 
Gladstone, who had been a member of the Commission on 
Lights and Beacons, is reported to have said : ‘ A difficulty 
in the use of sound was this, that fogs deaden sound very 
materially ; but the evidence was very contradictory on 
that point. In a fog on land it was difficult to hear the 
passing of carriages or noises at a short distance : and so 
in a fog at sea these signals found a difficulty in penetrat- 
ing the fog against whk^h they are intended to be a protec- , 
tion.’ 

On the sftme occasion James N. Douglass, the 
Engineer of the Trinity House, to whose, ability as an^ 
observer I am able to bear strong testimony, stated that 
in his experience ‘ he had* found but little difference 
in the travelling of sound in foggy or in clear weather. 
He had distinctly heard in a fog, at tiie Small’s Eock in 
the Bristol Channel, guns fired at Milford, twenty-five 
miles off.’ Mr. Beazeley had also heard the Lundy Islafid 
gun ^ at Hartland Point, a distance of ten miles, during^ 

* Proceedings of the Institution of Civil Engineers, March 14, 1871t 
and Lecture at the United Service Institution, May 24 1872. 

U 
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dense* fog ’ ; so that, in winding up his paper, he admitted 
‘ that the subject appeared to be very little known, and 
that the more it was looked into the more apparent became 
the fact that the evidence as to the action of fog upon 
sound is extremely conflicting.’ 

In a paper presented to the Literary and Philosophical 
Society of Manchester on the 16th of December 1873, 
Professor Osborne Eeynolds affirmed, with great distinct- 
ness, the prevalent doctrine, which he shared, and made a 
very ingenious attempt to explain it. ‘ That sound,’ says 
Professor Keynolds, ^ does not readily penetrate a fog is a 
matter of common observation. The bells and horns of 
ships are not heard so far during fogs as when the 
weather is clear. In a Ijondon fog the noise of the 
wheels is much diminished, so that they seem to be at a 
distance when really close by.’ Professor Reynolds does 
not accept reflection at the surfaces of the particles as 
sufficient to explain the opricity of fogs to sound. He 
ascribes the loss to the friction set up between ^the air and 
the foreign particles suspended in it. ‘ The effect,’ he 
says, ‘ of waves of sound traversing a portion of air is first 
to accelerate and then to retard it. And if there are any 
^ drops fiof water in the air, these 'will not take up the 
motion of the air sfo readily as the air itself. They will 
allow the air to move backwards and forwaVds past them, 
• and so cause friction and diminish the effect.’ 

Further on it will be proved, both by observation and 
experiment, that fog exercises no such power upon sound 
as that above ascribed to it. 

fS 

§ 3. Instruments ami Observations. 

• The foregoing extracts and references sufficiently indi- 
cate the uncertain state of the question when, on the 19th 
^of May, 1872, this inquiry began. The South Foreland, 
near Dover, was chosen as the irignal-station, steam-power 
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having been already established there to work two powerful 
magneto-electric lights. The observations for the most 
part were made afloat, one of the yachts of the Trinity Cor- 
poration being usually employed for this purpose. Two 
stations had been established, the one at the top, the other 
at the bottom of the South-Foreland Cliff ; and at each of 
them trumpets and air- and steam-whistles of great size 
were mounted. The , whistles first employed were of 
English manufacture ; but intelligence having been received 
regarding a large United States whistle, and also a. Canadian 
whistle, of great reputed power, the Elder brethren had 
them subsequently added to the list. 

On the 8th of October another instrument, which has 
played a specially important part in these observations, 
was introduced. During my visit to America I accom- 
panied General Woodruff to Sandy Hook, with the express 
intention of observing the performance of a ^team- 
syren, which, under the auspices of Professor Joseph 
Henry, had been introduced into the lighthouse system 
of the United States. I carried home with me a some- 
what vivid remembrance of the mechanical effect of the 
sound upon iny ears and body generally. Hence my 
desire to see the syrerf tried at the South Forelands The* 
formal expression of this desire was anticipated by the Elder 
brethren, whfle their wishes were in turn anticipated by 
the courteous kindness of the Uighthouse Board at Wash-* 
ingtoTi. Tnforined by Major Elliot, of the United States 
Army, that our experiments had begun, the lioard for- 
warded to the Corporation, for trial, the powerful instru- 
ment which was mounted at the South Foreland. 

In the stearn-syren patented by Mr. Brown, of New 
York, a fixed disk and a rotating disc are employed as in 
the ordinary syren, radial slits being cut in both disks^ 
instead of circular apertures. One disc is fixed vertically 
across the throat of a conical trumpet 16^ feet long, 5 
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inches in diameter where the disc crosses it, and gradually 
opening out till at the other extremity it reaches a dia- 
meter of 2 feet 3 inches. Behind the fixed disc is the 
rotating one, which is driven by separate mechanism. The 
trumpet is connected with a boiler. In our experiments 
steam of 70 lbs. pressure was for the most part em- 
ployed. Just as in the ordinary syren, when the radial 
slits of the two discs coincide, and then only, a strong 
puff of steam escapes. Sound-waves of great intensity 
are thus sent through the air, the pitch of the note pro- 
duced depending on the velocity of rotation. 

To the syren, trumpets, and whistles were added three 
guns — an 18-pounder, a 5^-inch howitzer, and a 13-inch 
mortar. In our summer experiments all three were fired ; 
but tlie howitzer having shown itself superior to the other 
guns, it was chosen, in our autumn experiments, as not only 
a fair^ but a favourable? representative of this form of 
signal. The charges fired were for the most part those 
;now employed at Holyhead, Lundy Island, and the Kish 
light-vessel — namely, 3 lbs. of powder. Gongs and bells 
were not included in this inquiry, because previous obser- 
vations had clearly proved their inferiority to the 
.trumpets and whistles. 

A general knowledge of the instruments employed is 
thus imparted to the reader ; while the Map, fig. 155, 
* will furnish him with inferniation as to the position of 
most of the localities referred to in the paper. 

On May 19 the instnmiehts tested were : — 

On the top of the cliff : 

(a) Two brass f^-umpe^ts or horns, 1 1 feet 2 inches long, 
2 inches in diameter at the^ mouthpiece, and opening out 
at the other end to a diameter of 22 J inches. They 
^were provided with vibrating steel reeds 9 inches long, 2 
inches wide, and ^ inch thick, and were sdunded by air of 
18 lbs. pressure. 



' Fm. loo. 





294 


LECTURE Vir. 


(6) A whistle, shaped like that of a locomotive, 6 inches 
in diameter, also sounded by air of 18 lbs. pressure. 

(c) A steam-whistle, 12 inches in diameter, attached to 
a boiler, and soudded by steam of 64 lbs. pressure. 

At the bottom of the cliff : 

{d) Two trumpets or horns, of the same size ancj 
arrangement as those above, and sounded by air of the 
same pressure. t 

(e) A 6-inch air-whistle, similar to the one above, and 
sounded by the same means. 

The upper instruments were 235 feet above high-water 
mark, the lower ones 40 feet. A vertical distance of 
195 feet, therefore, separated the instruments. A shaft, 
provided with a scries of twelve ladders, led from the one 
to the other. 

The trumpets were constructed by that able mechani- 
cian, Mr. Holmes, who had them throdghoiit under his 
personal superintendence. They were mounted vertically 
on the re^servoir of compressed air ; but within about 2 
feet of their extremities they were bent at a right angle, 
so as to present their mouths to the sea. The aim of 
their constructor was to distribute the sound equably over 
an arc*of 180®. To effect this, he placed the horizontal 
parts of the axes of the horns at right angles to each other, 
the one pointing S.W. by S., and the* other S.E. by E., 
each horn beiffg supposed to cover an arc of 90°. 

The 12-inch stegm-whistle was constructed by Mr. 
Baily, of Manchester. 

Our first experiments with these instruments were a 
preliminary discipline rather than an organised effort at 
discovery. On May 19 we Steamed round the Foreland 
and out to sea in the axes of the horns. The maximum 
distance reached by the sound was about three and a half 
miles.' The wiqd, however, was high and Vhe sea rough, 

* In all cases nautical miles are meant. 
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SO that local noises interfered to some extent with our 
appreciation of the sound. 

Mariners express the strength of the wind by a series 
of numbers extending from 0 = calm to 12 = a hurri- 
cane, a little practice, in common, producing a remarkable 
unanimity between different observers as regards the force 
oJ the wind. Its force on May 19 was 6, and midway 
between the axes of the two truinpets it blew at right 
angles to the direction of the sound. 

The same instruments on the 20th of May covered 
a greater range; but not much greater, though the 
disturbance due to local noises was absent. At 4 miles 
distance in the axes of the horns they were barely heard, 
the air at the time being calm, the sea smooth, and all 
other circumstances exactly those which have been hither- 
to regarded as most favourable to the transmission of 
sound. We crept a little further aw^ay, and by stretched 
attention managed to hear at intervals, at a distance of 6 
miles, the faintest hum of the horns. A little further out 
we again halted ; but though local noises were absent, and 
though we listened intently, we heard nothing. 

This position, clearly beyond the range of whistles and 
trumpets, was expressly chosen with the view of making, 
what might be considered a decisive tcomparative experi- 
ment betweeA horns an^ guns as instruments for fog- 
signalling. The distinct report* of the 12 o’dock gun fired* 
at Dover on the 19th suggested this comparison, and 
through the prompt courtesy of General Sir A. Horsford 
we were enabled to carry it out. At 12.30 precisely the 
puff of an* 18-pounder, wdth a 3-lb.* charge, was seen at 
Dover Castle, which was about a mile further off than the 
South Foreland. Thirty-six seconds afterwards the loud 
report of the gun was heard, its complete superiority over 
the trumpets being thus, to all appearance, demonstrated. 
We clinched this observatton by steaming out to a distance 
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of 8 J miles, where the report of a second gun was well 
heard by all of us. At a distance of 10 miles the report 
of a third gun was heard by some of us, and at 9*7 miles 
the report of a fourth gun was heard by us all. 

The result seemed perfectly decisive. Applying the 
law of inverse squares, the sound of the gun at a distance 
of 6 miles from the Foreland must have had about 
three times the intensity of the sound of tho trumpets. 
It would hardly have been rash under the circumstances 
to have reported without qualification the superiority 
of the gun as a fog-signal. No single experiment is, 
to my knowledge, on record to prove that a sound 
once predominant would not be always predominant, or 
that the atmosphere on different days would show pre- 
ferences to different sounds. On many subsequent 
occasions, however, the sound of the horn proved dis- 
tinctly^ superior to that of the gun. This selective power 
of the atmosphere revealed itself more strikingly in our 
autumn experiments than in our summer ones; and it 
was sometimes illustrated within a few hours of the 
same day: of two sounds a and n, for example, A would 
have the greatest range at 10 a.m. and b the greatest range 

Sit 2 p^. ‘ 

In the experiments on the 19th and 20th of May the 
superiority of the trumpets over the whistles** was decided ; 
•and indeed, with few exceptions, this superiority was 
maintained throughout the inquiry. But there were ex- 
ceptions. On June 2, for example, the sound of the 
whistles rose in several instances to full equality with, 
and on rare occasion^ subsequently even surpassed, that of 
the horns. The sounds were varied from day to day. On 
th4 date last menttoned a single horn was sounded, two 
were sounded, and three were sounded together ; but the 
utmost range of the loudest sound, even with the paddles 
stopped, did not exceed six miles.*^ With the view of concen- 
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Irating their power, the axes of the horns were, on June 2, 
pointed in the same direction, and, unless stated to the 
contrary, this in all subsequent experiments was the case. 

On the third of June the three guns .already referred 
to were permanently mounted at the South Foreland. 
They were well served by gunners from Dover Castle. 

At a certain hour of the same day, dense clouds quite 
covered the firmament, some of them particularly black 
and threatening, but a marked advance was observed in 
the transmissive power of the air. At a distance of 6 
miles the horn-sounds were not quite quenched by the 
paddle-noises ; at 8 miles the whistles were heard, and the 
horns better heard ; while at 9 miles, with the paddles 
stopped, the horn-sounds alone were fairly audible. A re- 
markable Jind instructive phenomenon was now observed. 
Over us rapidly passed a torrential shower of rain, which 
has been hitherto regarded as a potent damper of sound. 

I could, however, notice no subsidence of intensity as the 
shower passed. It is even probable that, had my mind 
been free from bias, I should have noticed an augmenta- 
tion of the sound, 'such as occurred with the greatest dis- 
tinctness on various subsequent occasions during violent 
rain. , • , . 

The influence of ‘ beats ’ was tr;ed on June 3, by 
throwing the ’horns slightly out of unison ; but though 
the beats rendered the sound characteristic,* they did not • 
seem to augment the range. At a distance from the 
station curious fluctuations* of intensity were noticed. 
Not only did the different blasts vary in strength, but' 
sudden swellings and fallings-off, even^of the same blast, 
were observed. This was not*due to any variation on the 
part of the instruments, but purely to»the changes, of the 
medium traversed by the sound. 

During the*inquiry various shiftings of the horns and* 
reeds were resorted to, wi^h a view of bringing out their 
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maximum power. The range of our best horns on June 
10 was 8| miles. The guns at this distance were very 
feeble. That the loudness of the sound depends on the 
shape of the gun* was proved by the fact that thus far the 
howitzer, with a 3-lb. charge, proved more effective than 
the othet guns. In the axis of the horns the sound 
manifests its greatest strength, falling sensibly off as the 
angular distance from the axis is augmented.' Now, the 
whistles have no such axes, but send their sound-waves 
with equal strength in all directions. Hence, as the 
horns pointed seaward, near the line joining the Foreland 
and the South Sand Head light-vessel on the one hand, 
and that joining the Foreland and the Admiralty Pier on 
the other, the whistles were sometimes more than a match 
for the horns. 

§ 4. Influence of Sound-Shadow, 

On* the 19th of May we noticed a phenomenon of 
grave import in connection with the establishment of fog- 
signals. I refer to the rapid fall of intensity on ’both sides 
of the signal-station at the South Foreland. We had 
halted between the station and the South Sand Head 
light-ship, at a distance of 2^ miles from .the station. 
The trumpets and whistles were sounded, but they were 
quite unheard. We moved nearer; but even at a mile 
distance, with Jbhe instruments pfainly in view, their sound 
failed to reach us. A light wind, however, was here 
opposed to the sound*. Abrea^st of the signal-station the 
trumpets were very powerful; but on approaching the 
line joining the Foreland to the end of the .Admiralty 
Pier the sound fell rapidly, though in this case the vrind 
wa« favourable to the sound. Some other cause than the 

* AVhen, subsequently, wo compared the sound in the prolonged axis of 
ft gun with the intensity at'right angles to the axis, the^ditference, though 
sensible, Wfis very small. This agrees with previous observations. The 
sound-waves are practically of the same intensity .all round the gun. 
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wind must, therefore, be invoked to account for the 
phenomenon. 

On the 10th of June the same effect was very 
strikingly manifested. After our day’s work we steamed 
past the Foreland and towards the end of the Pier. At 
the distance of a mile from the F oreland the sounds fell 
with such rapidity that I thought something must have 
occurred to the whistles and horns. Happily the guns 
were there to test this surmise. At 2 miles distance we 
signalled for them. With a 3-lb. charge, though their 
puffs were clearly seen, not one of them was heard ; with a 
6-lb. charge the 18-pounder was barely heard, the howitzer 
was slightly better heard, while the mortar was quite un- 
heard. No peculiarities of the horns or whistles could 
therefore account for the phenomenon. 

On the 11th of June the effect was equally pronounced. 
On the line joining the h^oreland and the end of the Ad- 
miralty Pier, and at | of a mile from the station, the sound 
rapidly sank in power, and soon afterwards became inaudible. 
At 1 mile distance we signalled for the guns ; the report in 
each case was a low indistinct thud. A necessary require- 
ment in fog-signals is stated to be that they should, under 
all circumstances, be “heard to a distance of 4 'tniles.. 
Now, the gun was undoubtedly the signal of greatest range 
when this inquiry .began, ^nd hero we find that conditions 
may exist which render even tfie gun ineffectual at less ' 
than half the distance deemed essential. • 

Tlie Map, fig. 156, which consists of a portion of fig. 
155 enlarged, will help us to an explanation of these 
observatioifs. Near the fog-signal station a projecting 
chalk cliff at c received the iitipact of the sonorous waves 
and dispersed them by reflection. The whole sea space 
between the line A B and the cliffs under Dover Castle^ 
was in the softnd-shadow. Within this line the instru- 
ments could not be seen? without it they could; and 
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we have to account for the fact that the enfeeblement of 
the sound occurred not only inside but immediately outside 
the boundary, and while the instruments were in sight. A 
sudden subsidence of the sound was always observed on 
crossing the boundary a b towards the shore, and a cor- 
respondingly sudden augmentation on crossing it towards 
the sea ; but the stoppage of the sound on entering the 
shadow was by no mcaiys total. The whole of the shaded 
space was filled with sound of enfeebled intensity, produced 
in great part by the divergence into the shadow of the 
waves which abutted against the boundary. Through this 
divergence the direct waves had their intensity lowered, 
the portions nearest to the shadow suffering most. (On 
the Map the condensations and rarefactions of the direct 
waves are shown by circular lines of varying closeness.) 
Here, then, wo have one cause of the decay of the sound 
in the neighbourhood of the acoustic shadow. Another 
cause may be the interference^ of the direct waves with 
tliosc reflected from c and from other portions of the cliff. 
The remarks here, applied to the sound-shadow west of the 
Foreland, are also Applicable to that upon the otlier side. 

On June 25 gradual improvement in the traiismis-% 
sive power of the air was observed from morning to even- 
ing ; but at tKe last the ipaximum range was only mode- 
rate. The fluctuations in the strength of the sound were * 
remarkable, sometimes sinking to inaudibility and then 
rising to loudness. A similar effect, due to a similar 
cause, is often noticed with church bells. The acoustic 
transparcndy of the air was still furtlie^ augmented on the 
26th : at a distance of 9;^ rhiles from the station the 
whistles and horns were plainly heard Against a wind witli 
a force of 4 ; while on the 25th, witjh a favouring wind,^ 


* The principles of interfeif^nce are set forth in Lecturo VIll. 
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the maximum range was only 6^ miles. Plainly^ there- 
fore, something else than the wind must be influential in 
determining the range of the sound. 

On Tuesdays July 1, observations were made on the 
decay of the sound at various angular distances from the 
axis of the horn. As might be expected the sound in the 
axis was loudest, the decay being gradual on both sides. 
The day was acoustically clear. At a distance of 10 miles 
the horn yielded a plain sound, while the American 
whistle seemed to surpass the horn. Dense haze at this 
time quite hid the Foreland. At 10^ miles occasional 
blasts of the horn came to us, but after a time all sounds 
ceased to be audible ; it seemed as if the air, after having 
been exceedingly transj)arent, had become gradually 
opaque to the sound. 

At 4.45 P.M. we took the master of the Varne light- 
ship op board the Irene. He and his company had heard 
the sound at intervals during the day, although he was 
dead to windward q-nd distant 12| miles from^ the source 
of sound. 

Here a word of reflection on our observations may be 
fitly introduced. It is, as already shown, an opinion 
, generally entertained that the wavfes of smind are reflected 
at the limiting surfaces of the minute particles which 
constitute haze and fog, the allied waste df sound in fog 
^ being thus eccplained. ll, however, tliis be an efficient 
practical cause of the stoppage of sound, and if clear calm 
air be, as alleged, the best vehicle, it would be impossible 
to understand how to-day, in a thick haze, the sound 
reached a distance «bf 12f miles, while on May 20, in a 
calm and hazeless atmosphere, the maximum range was 
oftly from 5 to 6 nriles. Such facts foreshadow a revolu- 
tion in 6ur notions regarding the action of haze and fogs 
upon sound, and the revolution will be complete. 

An interval of 12 hours sufficed to change in a sur- 
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prising degree the acoustic transparency of the air. On 
the 1st of July the sound had a range of nearly 13 miles ; 
on the 2nd the range did not exceed 4 miles. 

I 

§ 5. Oontradicto7^ Results. 

Thus far the investigation proceeded with hardly a 
gleam of a principle to connect the inconstant results. 
The distance reached % the sound' on the 19th of May 
was 3^ miles ; on the 20th it was 5^ miles ; on the 2nd 
of June 6 miles ; on the 3rd more than 9 miles ; on the 
10th it was also 9 miles ; on the 25th it fell to 6^ miles ; 
on the 26th it rose agjiin to more than 9^ miles ; on the 
1st of July, as we have just seen, it reached 12|, whereas 
on the 2nd the range shrank to 4 miles. None of the 
meteorological agents observed at the time could be 
singled out as the cause of these fluctuations. The wind 
exerts an acknowledged power over sound, but it could not 
account for all these iflienomena. On the 25th of June, 
for example, when the range was only 6^ ipiles, the wind 
was favourable ; o|;i the 26th, when the range exceeded 
9^ miles, it was opposed to the sound. Nor could the 
varying optical clearness of the atmosphere be invoked as 
an explanation ;*f or on July 1, when the range was 12J 
miles, a thick Jiaze hid the vrhite clife of the Foreland, 
while on many other days, wheji the acoustic range was 
not half so great, the atmosphere.was optically clear. Up 
to July 3 all remained enigmatical ^ but on this date 
observations were made which seemed to me to displace * 
surmise and perplexity by the clearer light of physical 
demonstration. 

§ 6. Proposed Solution of Contradictions.^ 

• j 

On July 3 we first steamed to a point 2*9 miles S. W. 
by W. of the signal station. No sounds, not even the 
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guns, were heard at this distance. At 2 miles they were 
equally inaudible. But this being a position at which the 
sounds, though strong in the axis of the horn, invariably 
subsided, we steamed to the exact bearing from which our 
observations had been made on July 1. At 2.15 P.M., and 
at a distance of 3f miles from the station, with calm clear 
air and a smooth sea, the horns and whistle (American) 
were sounded, but they were inaudible. Surprised at this 
result, we signalled for the guns. They were all fired, 
but, though the smoke seemed close at hand, no sound 
whatever reached us. On July 1, in this bearing, the 
observed range of both horns and guns was lOi miles, 
while on the bearing of the Varne light-vessel it was 
nearly 13 miles. We steamed in to 3 miles, paused, and 
listened with all attention ; but neither horn nor whistle 
was heard. The guns were again signalled for ; five of 
them jvere fired in succession, but not one of them was 
heard. We steamed on in the same bearing to 2 miles, 
and had the guns fired point blank at us. The howitzer 
and the mortar, with 3 Ib.-charges, yielded a feeble thud, 
while the 18-pounder was wholly unhe&rd. Applying the 
law of inverse squares, it follows that, with the air and sea, 
according to accepted notions, in a^far wojcse condition, the 
sound at 2 miles’ distance on July 1 must have had more 
than forty times the intensity which it pcfssessed at the 
same distance at 3 p.m. on the 3rd. 

‘ On smooth water,’ says Sir John Herschel, ^ sound is 
propagated with remarkable clearness and strength.’ 
Here was the condition ; still with the Foreland so close 
to us, the sea so siftooth, and the air so transparent, it was 
diflicult to realise hat the» guns had been fired or the 
trumpets blown atf all. What could be the reason ? 

Sul{)hur in homogeneous crystals is exceedingly trans- 
parent to radiant heat, whereas the ordinary brimstone of 
commerce is highly imperviow to it — the reason being 
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that the brimstone does not possess the molecular con-p 
tinuity of the crystal, but is a mere aggregate of minute 
grains not in perfect optical contact with each other. 
Where this is the case a portion of the heat is always re- 
flected on entering and on quitting a grain ; hence, when 
the grains are minute and numerous, this reflection is so 
often repeated that the heat is entirely wasted before it 
can plunge to any depth i^to the substance. The same 
remark applies to snow, foam, clouds, and common salt, 
indeed to all transparent substances in powder ; they are 
all impervious to light, not through the absorption of the 
light, but through repeated internal reflection. 

Humboldt, in his observations at the Falls of the 
Orinoco, is known to have applied these principles to 
sound. He found the noise of the fells far louder by 
night than by day, though in that region the night is far 
noisier than the day. The plain between him ayd the 
falls consisted of spaces of grass and rock intermingled. 
In the heat of the day he found the temperature of the 
rock to be considerably higher than that of the grass. 
Over every heated* rock, he concluded, rose a column of 
air rarefied by the heat ; its place being supplied by the 
descent of heavjer aif. He ascribed the deadening of* 
the sound to the reflections which occurred at the limit- 
ing surfaces of*the rarer and denser air. This philosophical 
explanation made it generally known that •a non-homo- 
geneous atmosphere is unfavourable to the transmission 
of sound. 

But what on July 3, not with a variously heated plain, 
but with a calm sea as a basis for the lAmosjihere, could so 
destroy its homogeneity as to* enable it to quench in so 
short a distance so vast a body of sourfd ? My course of 
thought at the time was thus determined: — As * I stood ^ 
upon the deck ©f the Irene pondering the question, I be- 
came conscious of the exceeding power of the sun beating 
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against my back and heating the objects near me. Seams 
of equal power were falling on the sea, and must have 
produced copious evaporation. That the vapour generated 
should so rise and mingle with the air as to form an abso- 
lutely homogeneous medium was in the highest degree 
improbable. It would be sure, I thought, to rise in in- 
visible streams, breaking through the superincumbent 
air now at one point, now at another, thus rendering the 
air flocculent with wreaths and striae. At the limiting 
surfaces of these we should have the conditions necessary 
to the production of partial echoes and the consequent 
waste of sound. Air-currents of different temperatures, 
as far as they existed, would also contribute to the effect. 

The conditions necessary for the testing of this ex- 
planation immediately set in. At 3.15 P.M. a solitary 
cloud threw itself athwart the sun, and shaded the entire 
space between us and the South Foreland. The heating 
of the water and the production of vapour and air-currents 
were checked by the interposition of this screen ; hence 
the probability of suddenly improved transmission. To 
test this inference the steamer was immediately turned 
and urged back to our last position of inaudibility. The 
. sounds, as I expected, were distinctly* though faintly 
heard. This was at 3 miles’ distance. At 3| miles the 
guns were fired, both point blank and elevated. The 
^ faintest pop msls all that we heard ; but we did hear a 
pop, whereas we had previously lieard nothing, either here 
or three-quarters of a mile nearer. We steamed out to 
4:^ miles, where the sounds were for a moment faintly 
heard ; but they fell away as we waited ; and •though the 
greatest quietness reigned On board, and though the sea 
was without a ripple, we could hear nothing. We could 
^plainly See the steanj-puflFs which announced the begin- 
ning and the end of a series of trumpet^blasts, but the 
blasts theinselyes were quite inuudible. 
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It was now 4 p.m., and my intention at first was to 
halt at this distance, which was beyond the sound-range, 
but not far beyond it, and see whether the lowering of the 
sun would not restore the power of the atmosphere to 
transmit the sound. But after waiting a little the an- 
choring of a boat was suggested, so as to liberate the 
steamer for other work; and though loth to lose the 
anticipated revival of flie sounds myself, I agreed to this 
arrangement. Two men were placed in the boat and re- 
quested to give all attention, so as to hear the sound if 
possible. With perfect stillness around them they heard 
nothing. They were then instructed to hoist a signal if 
they should hear the sounds, and to keep it hoisted as 
long as the sounds continued. 

At 4.45 we quitted them and steamed towards the 
South Sand Head light-ship. Precisely 15 minutes after 
we had separated from them the flag was hoisteS ; the 
sound having at length succeeded in piercing the body of 
air between* the boat and the shore. On our return, of 
course we heard the sounds ourselves. 

We pushed the test further by steaming further out. 
At 5f miles w^e halted and heard the sounds ; at 6 miles 
we heard them dfetinctly, but so feebly that we thought * 
we had reache(J the limit of the sound-range ; but while 
we waited the sounds roseHn poTyer. We steamed to the 
Varne buoy, which is miles from the signal-station, and 
heard the sounds there better, than at> 6 miles’ distance. 
We continued our course outwards to 10 miles, halted * 
there for a brief interval, but heard notjiing. 

Steaming, however, on to the Varne light-ship, which 
is situated at the other end of the Varne shoal, we hailed 
the master, and were informed by him that up to^5 p.m. 
nothing had been heard, but that at that hour the sounds 
began to be audilble. He described one of them as ‘ very 
gross, resembling the bellowing of a bull/ \jfhich very 
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accurately characterises the sound of the large American 
steam-whistle. At the Varne light-ship, therefore, the 
sounds had been heard towards the close of the day, 
though it is 12f miles from the signal-station. I think 
it probable that, at a point 2 miles from the Foreland, 
the sound at 5 p.m. possessed fifty times the intensity 
which it possessed at 2 p.m. To such undreamt-of fluctu- 
ations is the atmosphere liable. On our return to Dover 
Bay, at 10 P.M., we heard the sounds, not only distinct 
but loud, where nothing could be heard in the morning. 

§ 7. Echoes from Invisible Acoustic Clouds. 

But both the argument and the phenomena have a 
complementary side, which we have now to consider. A 
stratum of air less than 3 miles thick on a calm day has 
been thus proved competent to stifle both the cannonade 
and t£e horn-sounds employed at the South Foreland; 
while, according to the foregoing explanation, this result 
was due to the reflection of the sound from invisible 
acoustic clouds which filled the atmQsphere on a day of 
perfect optical transparency. But, granting this, it is 
incredible that so great a body pf sound could utterly 
disappear in so short a distance without^ rendering some 
account of itself. Supposing, then, instead of placing 
ourselves behind the aaoustic cloudfj we were to place 
ourselves in front of it,cmight we not, in accordance with 
the law of conservation, expect to receive, by reflection, 
the sound which had failed to reach us by transmission ? 
The case would th^n be strictly analogous to the reflection 
of light from an ordinary ploud to an observer between it 
<ind the sun. 

. My first care in the early part of the day in questioiL 
was to assure myseif that our inability to hear the sound 
did not arise from any dera^ement of the instruments 
on shore. • Accompanied by Mr. Price Edwards, at 1 p.m. I 



AERIAL ECHOES. 


was rowed to the shore, and landed at the base of the*South 
Foreland Cliff. The body of air which had already shown 
such extraordinary power to intercept the sound, and 
which manifested this power still more inipressively later 
in the day, was now in front of us. On it the sonorous 
waves impinged, and from it they were sent back with 
astonishing intensity. The instruments, hidden from 
view, were on the supimit^of a cliff 235 feet above us, 
the sea was smooth and clear of ships, the atmosphere 
was without a cloud, and there was no object in sight 
which could possibly produce the observed effect. From 
the perfectly trdnsj)arent air the echoes came, at first 
with a strength apparently little less than that of the 
direct sound, and then dying away. A remark made by 
my talented companion in his note-book at the time 
shows how the phenomenon affected him : — ‘ Beyond 
saying that the echoes seemed to come from thejexpanse 
of ocean, it did not appear possible to indicate any more 
definite point of reflection.’ Indeed, no such point was to 
be seen ; the echoes reached us, as if by magic, from the 
invisible acousticf clouds with which the optically trans- 
parent atmosphere was filled. The existence of such 
clouds in all w§athers| whether optically cloudy or^eren^ 
is one of the most important point;^s established by this 
inquiry. • 

Here, in my opinion, we have the key to many of the^ 
mysteries and discrepancies of ft vidence .which beset this 
question. The foregoing observations show that there is ' 
no need to doubt either the veracity or the ability of the 
conflicting witnesses, for the variatioBs of the atmosphere 
are inore than sufficient to apccount for theirs. The mis- 
take indeed hitherto has been, not in reporting incorrecSy, 
but in neglecting the monotonous operation of repeating 
the observations during, a suflScienl time. I shall havb 
occasion to remark subsequently on the mischief likely to 
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arise )roni giving instructions to mariners founded on 
observations of this incomplete character. 

It required, however, long pondering and repeated 
observation before this conclusion took firm root in my 
mind ; for it was opposed to the results of great observers, 
and to the statements of celebrated writers. While cloud- 
echoes have been accepted as demonstrated by observa- 
tion, it has been hitherto held as egtablished that audible 
echoes never occur in ^optically clear air. We owe this 
opinion to the otherwise admirable report of Arago on the 
experiments made at Mont Montlhery and Villejuif in 
1822 to determine the velocity of sound.^ Arago’s account 
of the phenomenon observed by him and his colleagues is 
as follows : — ‘ Before ending this note we will only add that 
the shots fired at Montlhery were accompanied by a rum- 
bling like that of thunder, which lasted from 20 to 25 
seconds. Nothing of this kind occurred at Villejuif. 
Once we heard two distinct reports, a second apart, of 
the Montlhery cannon. In two other cases the report 
of the same gun was followed by a prolonged rumbling. 
These phenomena never occun*ed without clouds. Under 
a clear sky the sounds were single and instantaneous.* 
May vrfi not therefore conclude tha/t the rpultiple reports 

of the Montlhery gun heard at Villejuif were echoes from 

• ^ 

* Sir John Herschel gives the followjng accoimt of Arago’s observa- 
•^tion : — ‘ The rolling of thunder hits been attributed to echoes among the 
clouds ; and if ic is considered that a cloud is a collection of particles of 
water, however minute, in^a liquid s^ite, and therefore each individually 
capable of reflecting sound, there is no reason why very loud sounds should 
not be reverberated confusedly (like bright lights) from a cloud. And that 
such is the case has been ^certained by direct observation on the sound of 
cannon. Messrs. Arago, Matthieu, and Prony, in their experiments on the 
velocity of sound, observed that under a perfectly clear sky the explosions 
of •their guns were always single and sharp; whereas when the sky was 
overcast, ayd even when a cloud came in sight over any considerable part of 
\^e horizon, they were frequently a<!Companied by a long-continued roll like 
thunder.’ — Etfsat/ on Sound, ^a.T. 38. The distant clouUs would imply a 
long interval between sound and echo, but nothing of the kind is reported. 
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the clouds, and may we not accept this fact as favourable 
to the explanation given by certain physicists of the rolling 
of thunder ? ’ 

My reply to this question would be af frank negative. 
For, hundreds of cannon-shots were fired at the South 
Foreland, many of them when the heavens were com- 
pletely free from clouds, and never in a single case was a 
Toulement similar to that noticed ,by Arago absent. It 
followed, moreover, so hot upon the direct sound as to 
present hardly a sensible breach of continuity between 
the sound and the echo. This could not be the case if 
the clouds were its origin. A reflecting cloud, at the 
distance of a mile, would leave a silent interval of nearly 
10 seconds between sound and echo; and had such an 
interval been observed, it could hardly have escaped 
record by the French philosophers stationed there ; but 
they have not recorded it. • 

I think both the alleged fact and the inference from 
it need re-fonsideration. For our observations prove to 
demonstration that ^lir of perfect visual transparency is 
competent to produce echoes of great intensity and long 
duration. The subject is worthy of additional illustra- 
tion. On the 8tl;i of October, as already stated, the«syren^ 
was established at the South Fofelafid. I visited the 
station on that day, and, listened to its echoes. They 
were far more powerful than those of the hotn. Like the 
others they were perfectly continuous, and faded, as if 
into distance, gradually away. The direct sound seemed 
rendered complex and multitudinous by its echoes, which 
resembled a band of trumpeters first Responding close at 
hand, and then retreating raj)idly towards the coast of 
France. The syren- echoes on that day had 11 seconds, 
those of the horn 8 seconds’ duration| * ^ 

In the case ‘of the syren, moreover, the reinforcement 
of the direct sound by itii echo was distinct. About a 
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second after the commencement of the syren-blast the 
echo struck in as a new sound. This first echo, therefore, 
must have been flung back by a body of air not more than 
600 or 700 feeC in thickness. The few detached clouds 
visible at the time were many miles away, and could 
clearly have had nothing to do with the effect. 

On the 10th of October I was again at the Foreland 
listening to the echoes, witlf results similar to those just 
described. On the 15th I had an opportunity of remark- 
ing something new concerning them at Dungeness, where 
a horn similar to, though not so powerful as, those at the 
South Foreland, had been mounted. It rotated automatic- 
ally through an arc of 210°, halting at four different points 
on the arc and emitting a blast of 6 seconds’ duration, these 
blasts being separated from each other by intervals of silence 
of 20 seconds. 

The new point observed was this : as the horn rotated 
the echoes were always returned along the line in which 
the axis of the horn pointed. Standing either behind or 
in front of the lighthouse tower, ortclosing the eyes so as 
to exclude all knowledge of the position of the horn, the 
direction of its axis when it sounded could always be in- 
' ferred from the direction in which the aerial echoes 
reached the shore; IJfot only, therefore, is knowledge of 
direction given by a sound, but it m^y also be given by 
the aerial echoes of the sound. 

a 

On the I7th of, .October, at about 5 p.m., the air being 
perfectly free from clouds, we row'ed towards the Foreland, 
landed, and passed over the seaweed to the base of the 
cliff. As I reached the base the position of i:he Galatea 
^as such that an e*cho of astonishing intensity w^as sent 
back from her side ; it came as if from an independent 
. source of sound established on board the steamer. This 
also Ceased suddenly, leaving the aerial echoes to die 
gradually into silence. 
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LONG BANGE, AND LONG ECHOES. 

At the base of the cliff a series of concurrent obser- 
vations made the duration of the aerial syren-echoes from 

13 to 14 seconds. 

Lying on the shingle under a projecting roof of chalk, 
the somewhat enfeebled diffracted sound reached me, and 
I was able to hear with great distinctness, about a second 
after the starting of the syren-blast, the echoes striking in 
and reinforcing the direct scfimd. .The first rush of echoed 
sound was very powerful, and it came, as usual, from a 
stratum of air 600 or 700 feet in thickness. On again 
testing the duration of the echoes, it was found to be from 

14 to 15 seconds. The perfect clearness of the afternoon 

caused me to choose it for the examination of the echoes. 
It is worth remarking that this was our day of longest 
echoes, and it was also our day of greatest acoustic trans- 
parency, this association suggesting that the duration of 
the echo is a measure of the atmospheric depi/te from 
which it comes. On no day, it is to be remembered, was 
the atmosphere free from invisible acoustic clouds; and 
on this day, whei^ their presence did not prevent the 
direct sound from reaching to a distance of 16 nautical 
miles, they were able to send us echoes of 15 seconds’ 
duration. •, * • • 

On various occasions, when we were fully three miles 

0 * 

from the shore, t]j.e Foreland bearing north, we have had 
the distinct echoes of the syren sent bacl? to us from the 
cloudless southern air. 

To sum up this question of aerial echoes. The syren 
sounded three blasts a minute, each of 5 seconds’ duration. 
From thd number of days and the^number of hours per 
day during which the instrliment was in action we can 
infgr the number of blasts. They reached nearly twenty 

thousand. The blasts of the horns exceeded thffi number, 

• • 

while hundreds of shots were fired from the guns. What- 
ever might be the state^bf the weather, cloudy or serene, 



B14 


LECTURE VII. 


stormy or calm, the aerial echoes, though varying in 
strength and duration from day to day, were never ab- 
sent ; and on many days, ‘ under a perfectly clear sky,’ 
they reached, in<^the case of the syren, an astonishing 
intensity. It is doubtless to these air-echoes, and not to 
cloud-echoes, that the rolling of thunder is in great part 
to be ascribed. 

§ 8. Experimental Demonstration of the Reflection of 
Sound from Gases. 

Thus far we have dealt in inference merely, for the 
interception of sound through aerial reflection has never 
been experimentally demonstrated ; and, indeed, according ; 
to Arago’s observation, which has hitherto held undisputed 
possession of the scientific field, it does not sensibly exist. 
But the,, strength of science consists in verification, and I 
was anxious to submit the question of aerial reflection to 
an experimental test. The knowledge gained yi the last 
lecture enables us to apply such a tegt ; but as in . most 
similar cases, it was not the simplest combinations that 
were first adopted. Two gases of different densities were 
to be chosen, and I chose carbonic acM and^eoal-gas. With 
the aid of my skilful .assistant, a tunnel was formed, across 
which five-and-twenty layers of ,,carboi\ic acid were per- 
Wtted to fallt, and five-and-twenty alternate layers of 
coal-gas to rise. • Sound was sent through this tunnel, 
making fifty passages from medium to medium in its 
course. These, I thought, would waste in aerial echoes a 
sensible portion of tRe sound. • 

To indicate this waste ah objective test was found in 
one of the sensitive' flames described in the last chapter. 
Acquainted with it, we are prepared to understand a 
drawing and description of the apparatus first employed 
by me in the demonstration ofr aerial reflection. The 
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following account of the apparatus was given by a writer 
in ‘Nature,’ Feb. 5, 1874: — 

‘ A tunnel 1 1' (fig. 157), 2 in. square, 4 ft. 8 in. long, 
open at both ends, and having a glass fro^t, runs through 
the box, abed. The spaces above and below are divided 
into cells opening into the tunnel by transverse orifices 
exactly corresponding vertically. Each alternate cell of 
the upper series— the .Ist, 3ird, 5th, &c. — communicates 
by a bent tube (e e e) with a common upper reservoir {g\ 
its counterpart cell in the lower series having a free outlet 
into the air. In like manner the 2nd, 4th, 6th, &c., of the 
lower series of Cells are connected by bent tubes {n n n) 
with the lower reservoir (i), each having its direct passage 
into the air through the cell immediately above it. The 
gas distributors (g and i) are filled from both ends at the 
same time, the upper with carbonic acid-gas, the lower 
with coal-gas, by branches from their respective ^supply 
pipes (/and h). A well-padded box (p) open to the end of 
the tunnel forms a little cavern, whence the sound-waves 
are sent forth by an electric bell (dotted in the figure). A 
few feet from the cither end of the tunnel, and in a direct 
line with it, is a sensitive flame provided with a fun- 
nel as sound-collpctor, and guarded from chance cuiyrents. 
by a shade. , 

‘ The bell i^as set ringing. Th*e flame, with quick re- 
sponse to each blow of the hammer, emitted a sort of ‘ 
musical roar, shortening and lengthening as the succes- 
sive sound-pulses reached it! The gases were then ad- 
mitted. Twenty-five flat jets of coal-gas ascended from 
the tubes ielow, and twenty-five cjiscades of carbonic 
acid fell from the tubes abovet That which had been a 
homogeneous medium had now fifty limiting surfaces, froift 
each of which a poition of the sound was thrown back. 
In a few moments these successive reflections became so* 
effective that no sound hs^ving sufficient power to affect 
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the flame could pierce the clear, optically-transparent, 
but acoustically-opaque atmosphere in the tunnel. So 
long as the gases continued to flow the flame remained 
perfectly tranquil. When the supply was cut off, the 
gases rapidly diffused into the air. The atmosphere of 
the tunnel became again homogeneous, and therefore 
acoustically transparent, and the flame responded to each 
sound-pulse as before.’* • , 

Not only do gases of different densities act thus upon 
sound, but atmospheric air in layers of different tempera- 
tures does the same. Across a tunnel resembling 1 1 (fig. 
157), sixty- six platinum wires were stretched, all of them 
being in metallic connection. The bell, in its padded 
box, was placed at one end of the tunnel, and the sensitive 
flame fc, near its flaring point, at the other. When the 
bell rang the flame flared. A current from a strong vol- 
taic battery, being sent through the platinum wii^s, they 
became heated : layers of warm air rose from them through 
the tunnol, and immediately the agitation of the flame 
was stilled. On st<>pping the current, the agitation re- 
commenced. In this experiment the platinum wires had 
not reached a red heat. Employing half the number and 
the same batteny, they were raised to a red heat, the» action 
in this case upon the sound-wavps being also energetic. 
Employing one-tlyrd of tjie number of wires, and the same 
strength of battery, the wires were raised It) a white heat. 
Here also the flame was immediately ^rendered tranquil by 
the stoppage of the sound. 

§ 9. Reflection from TSapours. 

But not only do gases of ciifferent densities, and air of 
different temperatures, act thus upon sound, but air sa1:u- 
rated in different degrees, with t]je vapours of volatile 
liquids, can be shown by experiment to produce the same 
effect. Into the path pursued by the carbonic acid in our 
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first jexperiment, a flask which I have frequently employed 
to charge air with vapour was introduced. Through a 
volatile liquid, partially filling the flask, air was forced into 
the tunnel t which was thus divided into spaces contain- 
ing air saturated with the vapour, and other spaces with air 
in its ordinary condition. The action of such a medium 
upon the sound-waves issuing from the bell is very ener- 
getic, instantly reducing th^ violently agitated flame to 
stillness and steadiness. The removal of the heterogeneous 
medium instantly restores the noisy flaring ol^ the flamojii. 

A few illustrations of the action of non-homogeheous 
atmospheres, produced by the saturation of layers of ai] 
with the vapours of volatile liquids, may follow here. 

Bisulphide of Carbon . — Flame ^^ry seiisitive, and 
noisily responsive to the sound. "*Ttili action of the non- 
homogeneous atmosphere was prompt and strong, Stilling 
the agitated flame. 

Chloroform . — Flame still very sensitive ; actlj^n^ simi- 
lar to the last. 

Iodide of Methyl . — Action prom ptr and energetic. ..,^ 

Amylene . — Very fine action ; a short and violei§|jjjly 
agitated flame was immediately rendered tall and quieis- 
cent. • ^ 

Sulphuric Ether . prompt and en^ergetic. 

The vapour of water at ordiiiary tif?mperatures is so 
small in quantity, and so attenuated, that it requires 
special precautions to bring ^oiit its action. Ihit with 
such precautions it was found competent to reduce to 
quiescence the sensitive flame. 

As the skill and knowledge of the experim&ter aug- 
ment he is often able to simplify his experimental combi- 
nations. Thus, in the present instance, by the suitable 
arrangement of the ^urce of sound and the sensitive 
flame, it was found that not only twenty-five layers, but 
three or four layers of coal-gas aiid carbonic acid, suflSced 
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to still the agitated flame. Nay, with improved 'mani- 
pulation, the action of a single layer of either gas was 
rendered perfectly sensible. The heated air, moreover, 
from two or three candle-flames, or evgn from a single 
flame, or from a heated poker, was found perfectly compe- 
tent to stop the flame’s agitation. The same remark applies 
to vapours. Three or four layers of air saturated with 
the vapour of a volatile liqiyd stilled the flame ; and, by 
improved manipulation, the action of a single saturated 
layer could.be rendered sensible. In all these cases, more- 
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over, a small high-pitched reed might be substituted, with 
advantage, for the Dell. • 

The simple* apparatus sketched in fig. .158 for showing 
reflection by gases, vapours, &nd heated air has been de- 
vised by my assistant. At the end A 9f the square pipe 
A B is a small concertina reed of high»pitch, the sound of 
which violently agitates the sensitive flame /. To the 
horizontal tube g g' are attached four «mall burners, anti 
above them four chimneys through’ which the* heated 
gases from theb flames can ascend into A B. When the 
coverings of the chimnejjp are removed and the gas is 







ignite?!, the air. within ab is rendered rapidly non- 
homogeneous, and immediately stills the agitated flame. 

The pipe A B may be turned upside down, an orifice 
seen between a g,nd B fitting on to the stand which sup- 
ports the tube. The conduit t leads into a shallow rectan- 
gular box, which communicates by a series of transverse 
apertures with A B. When air, saturated with the vapour 
of a volatile liquid, is forced ^through these apertures, the 
atmosphere in A b is immediately rendered heterogeneous, 
the agitated flame being as rapidly stilled. 



In the experiments at the South Foreland, not only 
* was it proved Jbhat the acoiLstic clouds stopped the sound ; 
but that the sounds which had been refused transmission 
were sent back by reflection. Wishing to render this 
echoed sound evident experimentally, I stated to my assis- 
tant that we ought to be able to accomplish this. He met 
my desire by the following, beautiful experiment, which 
has been thus described before the Royal Society : — 

‘A ^vibrating reed B (fig. 109) was placed so as to 
%end sound-waves thfough a tin tube, 38 ipches long, and 
If inch diameter, in the direction b a, the action of the 
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sound being rendered manifest by its causing a sensitive 
flame placed at f' to become violently agitated. 

‘The invisible heated layer immediately above the 
luminous portion of an ignited coal-gas flapie issuing from 
an ordinary bat’s-wing burner was allowed to stream up- 
wards across the end a of the tin tube. A portion of the 
sound issuing from the tube was reflected at the limiting 
surfaces of the heated layer; the part transmitted being now 
only competent to slightly agitate the sensitive flame at f'. 

‘ The heated layer was then placed at such an angle 
that the reflected portion of the sound was sent through a 
second tin tube, A F (of the same dimensions as B a). Its 
action was rendered visible by causing a second sensitive 
flame placed at the end of the tube at F to become vio- 
lently affected. This echo continued active as long as the 
heated layer intervened ; but upon its withdrawal the sen- 
sitive flame placed at f', receiving the whole of the, direct 
pulse, became again violently agitated, and at the same 
moment the sensitive flame at F, ceasing to be affected 
by tliQ echo, resumed its former tranquillity. 

‘ Exactly the same action takes place when the luminous 
portion of a gas-flame is made the reflecting layer ; but in 
the experiments ^bove described the invisible layer above • 
the flame only was used. By proper .adjustment of the 
pressure of tlm gas the flame at f' can be rendered so 
moderately sensitive to the diltect sound wuve that the 
portion transmitted through the inflecting, layer shall be 
incompetent to affect the flam^. Then by the introduction 
and withdrawal of the bat’s-wing flame the two sensitive 
flames can he rendered alternately quie^scent and strongly 
agitated. • 

‘ An illustration is here afforded of the perfect analog;^ 
between light and sound ; for if a beam of light be pro- 
jected from B t9 f', and a plate of *glass be introduced 
Jit A in the exact position ^f the reflecting layer of gas, 
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the ^eam will be divided, one portion being reflected 
in the direction af, and the other portion transmitted 
through the glass towards f', exactly as the sound wave is 
divided into a,reflec^ted and transmitted portion by the 
layer of heated gas or flame.* 

To illustrate still further by experiment the pheno- 
mena observed on a large scale at the South Foreland, the 
following arrangements werp devised, x fig. 160, is a 
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rectangle formed like a gridiron, the cross bars of which 
are brass tubes 0*4 of an inch in diameter, with a slit 
about -j^th of an inch in width running along the top 
of each. The gridiron i» connected by tubes of india- 
ftibber with the gas pipes of the building, so that on turn- 
ing a cOck g the gas is distributed pretty uniformly over the 
* rectangle, and issues from the slits. Lighted by a taper, 
a series of low parallel flaraest.are thus produced. At a 
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sboit distance from one end of the gridiron is placed a 
concertina reed a, which when sounded throws the sensitive 
flame c into violent agitation. On igniting the gas, the 
flame is immediately stilled, through the inability of the 
sound to traverse the invisible but flocculent air. The 
opacity of the atmosphere observed on various occasions 
at the South Foreland is thus strikingly illustrated. 



Permitting the reed to remain unchanged, *the sensitive 
flame is now removed to a position behind ’the reed, as in 
fig. 161 . Here the sound is so much enfeebled that the 
flame can burn there tranquilly when the reed is sound- 
ing. Things being in this condition, the gas is lighted 
and the air above it rendered flocculent. The sound i| 
immediately thrown back in aerial echoes, which j^ossesa 
a force sufficient to strongly agitate the flame c d. This , 
is the constant result. When the gas is turned off, after 
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a few seconds required for the. transverse tubes to cool, 
the flame bums steadily, to be again agitated the moment 
the invisible acoustic cloud is formed above the gridiron. 
We have here the aerial echoes of the South Foreland 
accurately imitated. 

Using a second flame to receive the direct sound waves, 
it flares and roars as long as the gas remains unignited, 
while the flame behind the reed is still. On igniting the 
gas the two flames exchange appearances, that which re- 
ceives the direct sound being stilled, and the other flame 
being agitated. 

The gridiron actually employed in my experiments has 
a frame 25 inches long and 12 inches wide.' It is crossed 
by 23 tubes, the slits of 'which are about an inch asunder. 
A gridiron of half the length and with half the number of 
slits would be almost equally effectual. 

Thus far, then, we have placed our subject in the firm 
grasp *of experiment ; nor shall we find this test failing 
us further on. 


PART IT, 

, INVEgTIGATION OF THE CAUSES WTIICH H^'E HITHERTO BEEN 
SUPPOSED EFFECTIVE IN PREVP:NTING THE TRANSMISSION 
,OF SOUND THROUgS THE ATMOSPHERE. 

t ^ 

c 

• 

• 

ACTION OF HAIL AND RAIN — ACTION OF SNOW — ACTION OF FOG.* OnSRRVA- 
TIONS IN LONDON - EXPERIMENTS ON ARTIFICIAL 1*X)GS --OBSERVATIONS 
ON FOGS AT THE SOUTH FORELAND- ACTION OF WIND — ATMOSPHERIC 

SELECTION — INFLUENCE OF SOUND SHADOW. 

I 

§ 1. Action of Hail and Bxiin, 

In the first part‘ of this Lecture it was demonstrated 

that the optic transparency and acoustic transparency of 

0 

1 The tubes constituting the frame have no slits. 
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our atmosphere are by no means necessarily coincident ; 
that on days of marvellous optical clearness the atmo- 
sphere may be filled with impervious acoustic clouds, while 
days optically turbid may be acoustically clear. We have 
now to consider, in detail, the influence of the various 
agents which have hitherto been considered potent in 
reference to the transmission of sound through the atmo- 
sphere. * . • 

Falling rain has been credited with the power of 
seriously obstructing sound. An observation on June 3 
has been already referred to as tending to throw doubt on 
this conclusion. Two other crucial instances will suffice 
to show its untenability. On the morning of October 8, 
at 7.45 A.M., a thunderstorm accompanied by heavy rain 
broke over Dover. But the clouds subsequently cleared 
away, and the sun shone strongly on the sea. We steamed 
out. For a time the optical clearness of the atmosphere 
was extraordinary, but it was acoustically opaque. At 
2.30 P.M., a* densely black scowl again overspread the 
heavens to the W.^.W. The distance from the South 
Foreland being 6 miles, and all hushed on board, the 
horn was heard very feebly, the syren more distinctly, 
while the howitzA: was heard better than either, though 
not much superior to the syren. • 

A squall approached us» fron^, the west. In the Alps 
or elsewhere I , have rarely seeij the heavens blacker. 
Vast cumuli floated to the N.B. and S.K. ; Vast streamers 
of rain descended in the W.N.W. ; huge scrolls of cloud 
hung in the N. ; but spaces of blue \rer§ to be seen to the 
N.N.E. 

At 7 miles’ distance the syren and horn were both feeble, 
while the gun sent us a very faint report. A dense ^ower 
novr enveloped the Foreland. • 

The rain at length reached us, falling heavily all the 
way between us and the Foreland ; but the soui\d, instead 
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of being deadened, rose perceptibly in power. Hail was 
now added to the rain, and the shower reached a tropical 
violence, the hailstones floating thickly on the flooded 
deck. In the fnidst of this furious squall both the horns 
and the syren were distinctly heard ; and as the shower 
lightened, thus lessening the local pattering, the sounds so 
rose in power that we heard them at a distance of miles 
distinctly louder than they* had been heard through the 
rainless atmosphere at 5 n^les. 

At 4 P.M. the rain had ceased and the sun shone clearly 
through the calm air. At 9 miles’ distance the horn was 
heard feebly, the syren clearly, while the howitzer sent us 
a loud report. All the sounds were better heard at this 
distance than they had previously been at 5 ^ miles ; from 
which, by the law of inverse squares, it follows that the in- 
tensity of the sound at 5^ miles’ distance must have been 
augmented at least threefold by the descent of the rain. 

On the 23rd of October our steamer had forsaken us 
for shelter, and I sought to turn the weather to account 
by making other observations on both sides of the fog- 
signal station. Mr. Douglass, the Chief Engineer of the 
Trinity House, was good enough to undertake the obser- 
vations N.E. of the Foreland ; whilt5 Mr. Ayres, the 
Assistant Engineer, ^walked in the othef direction. At 
12.50 P.M. the wind blew; a gale, and 4)roke into a thunder- 
storm with violent raii^ Inside and out^side the Cornhill 
Cdistguard Station, a mile; from the instruments in the 
direction of Dover, Mr. Ayres heard the sound of the syren 
through the storm^; and after the rain had ceased, all sounds 
were heard distinctly louder than before. Mr.^ouglass had 
^sent a fly before him to Kingsdown, and the driver had been 
waiting for fifteen minutes before he arrived. During 
this time no soundchad been heard, though 40 blasts had 
been blown in the interval ; nor had the coastguard man 
on duty, a^ practised observer,*heard any of them through- 
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out the day. During the thunderstorm, and while the rain 
was actually falling with a violence which Mr. Douglass 
describes as perfectly torrential, the sounds became audible 
and were heard by all. • 

To rain, in short, I have never been able to trace the 
slightest deadening influence upon sound. The reputed 
barrier offered by ‘ thick weather ’ to the passage of sound 
was one of the causes, which tended to produce hesita- 
tion in establishing sound-signals on our coasts. It is 
to be hoped that the removal of this error may redound 
to the advantage of coming generations of seafaring men. 

§ 2. Action of Snow. 

Falling snow has been regarded as the most serious 
obstacle of all to the transmission of sound. We did not 
extend our observations at the South Foreland into snowy 
weather; but a previous observation of my own bears 
directly upon this point. On Christmas night, 1859, I 
arrived at*Chamouni, through snow so deep as to oblite- 
rate the road-fences^ and to render the labour of reaching 
the village arduous in the extreme. On the 26th and 
27th it fell heavily. On the 27th, during a lull in the 
storm, I reache<^ the Montanvert, sometimes breast-deep 
in snow. On the 28th, with great difficulty, two lines of 
stakes were set oii|b across the glacier, with the view of 
determining its winter motion. On the 29th the entry 
in my journal* written in the morning, is, ‘ Snow, l^avy 
snow ; it must have descended through the entire night, 
the quantity freshly fallen is so great.’ 

Under '^these circumstances I pMnted my theodolite 
beside .the Mer de Glace, hdving waded to my iDosition 
through snow which, being dry, reatjhed nearly to ifty 
breast. Assistants were sent across the glacier %ith in- 
structions to measure the displacement of a transverse 
line of stakes planted previously in the snow. A storm 
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drifted up the valley, darkening the air as it approached. 
It reached us, the snow falling more heavily than I had 
ever seen it elsewhere. It soon formed a heap on the 
theodolite, and ^thickly covered my own clothes. Here, 
then, was a combination of snow in the air, and of soft 
fresh snow on the ground, such as had not previously been 
observed ; still through such an atmosphere, I was able to 
make my instructions jaudible quite across the glacier, the 
distance being half a milej while the experiment was 
rendered reciprocal by one of my assistants making his 
voice audible to me. 

Since the date here referred to I have had various 
opportunities of testing, under severe conditions, the action 
of freshly fallen snow upon sound. In 1878, for example, 
I took to the Alps bells which could be rung, by strokes 
of perfectly definite force. On September 25, my wife 
took charge of one of these, while I retreated to a 
distance through thick fog and deep snow combined. 
We had thus the conjunction of the two agpnts which 
have been considered the most hostilf to the transmission 
of sound. Nevertheless the acoustic transparency of the 
air on this day was extraordinary. On no other occasion 
did the bell send its vibrations Vo so ^reat a distance. 
Under ordinary circumstances a range of 900 yards w^as 
held to be considerable; but oil the S5th the range was 
1 300 yards. 

§ 3. Passage of Sound thi^ugh Textilp. Fabrics, and 
through Artificial Shoivers. 

The flakes upon the Mer de G lace were so thick that it 
was only at intervals that I was able to pick up the retreat- 
ilfg forms of the men. Still the air through which the 
flakes fell was continuous. Did the flakes merely yield 
f)assively to the sonorous waves, swinging like the particles 
of air themselves to and fro the sound-waves passed 
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them ? Or did the waves bend by diflFraction round the 
flakes, and emerge from them without sensible loss P Ex- 
periment will aid us here by showing the astonishing 
facility with which sound makes its way«among obstacles, 
and passes through tissues, so long as the continuity of 
the air in their interstices is preserved. 

A piece of millboard or of glass, a plank of wood, or 
the hand, placed across the open, end t' of the tunnel 
a b c fig. 157 (page 31 6), ‘intercepted the sound of the 
bell, placed in the padded box P, and reduced to stillness 
the sensitive flame h. 

An ordinary cambric pocket-handkerchief, on the other 
hand, placed across the tunnel- end i)roduced hardly an 
appreciable effect upon the sound. Through two layers 
of the handkerchief the flame was strongly agitated ; 
through four layers it was still agitated ; while through 
six layers, though nearly stilled, it was not entirely so. 

Dipping the same handkerchief into water, and 
stretching; a single wetted layer across the tunnel-end, it 
stilled the flame a.^ effectually as the millboard or the 
wood. Placing tfie cambric between two leaves of blot- 
ting paper, and squeezing it so as to absorb the water, its 
power of transn^ssionVas instantly restored. Hence the 
conclusion, that the sound-wavqs passed through the 
interstices of the C‘imbriC| 

Through a single layer of thin silk th(f sound passed 
without sensifile interruption ;* through* six layers, the 
flame was strongly agitated ; while through twelve layers 
the agitation was quite perceptible. 

A single layer of this silk, wheA wetted, stilled the 
flame. 

A layer of soft lint produced but little effect upon the 
sound : a layer of thick flannel was r^lmost equally ineffec- 
tual. Through four layers of flannel the flame was per- 
ceptibly agitated. Through a single layer of green baize 
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the sound passed almost as freely as through air ; through 
four layers of the baize the action was still sensible. 
Through a layer of close hard felt, half an inch thick, the 
sound-waves passed with sufficient energy to sensibly agi- 
tate the flame. Through 200 layers of cotton-net the 
sound passed freely. I did not witness these effects with- 
out astonishment. Placed against the mouth, through 
both the felt and thfi cotten-net air could be drawn. 
They were, however, quite impervious to light. 

A single layer of thin oiled silk stopped the sound and 
stilled the flame. A leaf of common note-paper, or a five- 
pound note, also stopped the sound. 

The sensitive flame is not absolutely necessary to 
these experiments. Let a ticking watch be hung six 
inches from the ear, a cambric handkerchief dropped be- 
tween it and the ear scarcely sensibly affects the ticking ; 
a sheet of oil-skin or an intensely heated gas column cuts 
it almost wholly off. 

But though oiled silk, foreign post, or a jDank-note 
can stop the sound, a film sufficiently thin to yield freely 
to the aerial pulses transmits it. A thick soap-film 
produces an obvious efiect upon the sensitive flame ; 
a very thin one does not. The‘ augn;^ntation of the 
transmitted sound may be observed simultaneously with 
the generation and brightening ^ of th^ iridescent colours 
which indicato^ the decreasing thickness of the film. A 
very thin collodion-film acts in the same way. 

These experiments may be made with the utmost ease 
by sounding a small concertina reed at one end of a tin 
tube, and placing tlfe sensitive flame at a little distance 
from the other end. 

Acquainted with the foregoing facts regarding the pas- 
sage or sound through cambric, silk, lint, flannel, baize, 
Jelt, and cotton-net, you are prepared for* the statement 
that the sound-waves pass witlwut sensible impediment 
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through heavy artificial showers of rain, hail, and snow. 
Water-drops, seeds, sand, bran, and flocculi of various 
kinds, have been employed to form such showers : through 
all of these, as through the actual rail# and hail already 
described, and through the snow on the Mer de Glace, the 
sound passes without sensible obstruction. 

§ 4. Action of ^og. ^Observations in London. 

But the mariner’s greatest enemy, fog, is still to be 
dealt with in detail ; and here for a long time the proper 
conditions of experiment were absent. Up to the end of 
November we had had frequent days of haze, sufficiently 
thick to obscure the white cliflfs of the Foreland, but no 
real fog. Still those cases furnished conclusive evidence 
that the notions entertained regarding the reflection of 
sound by suspended particles were wrong ; for on many 
days of the thickest haze the sound covered twice the 
range attained on other days of perfect optical trans- 
parency.* Such instances dissolved the association hither- 
to assumed to exist between acoustic transparency and 
optic transparency, but they left the action of dense fogs 
undetermined. 

On December ST a memorable fog settled down on 
London. I ^addressed a telegry,m*to the Trinity House 
suggesting some*gun-<|bservations. With characteristic^ 
promptness came the reply that they wduld be made in 
the afternoon at Blackwall. I wei^t to Greenwich in the 
hope of hearing the guns across the river; 'but the delay 
of the train by the fog rendered my arrival too late. Over 
the river the fog was very dense,*and through it came 
various sounds with great distinctness. The signal- bell of 
an unseen barge rang clearly out at intervals, and I could 
plainly hear the hammering at Cubitt’s Town, Calf a nyle 
away, on the* opposite side of the river. No deadening of 
the sound by the fog wfts apparent. 
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Through this fog and various local noises, Captain 
Atkins and Mr. Edwards heard the report of a 12- 
pounder carronade with a 1-lb. charge far better than the 
18-pounder with & 3-lb. charge, an optically clear atmo- 
sphere, and all noise absent, was heard on July 3. 

Anxious to turn to the best account a phenomenon for 
which we had waited so long, I tried to grapple with the 
problem by experiments' on a small locale. On the 10th I 
stationed my assistant with q. whistle and organ-pipe on 
the w'alk at the south-west end of the bridge dividing 
Hyde Park from Kensington Gardens. From the eastern 
end of the Serpentine I heard distinctly both the whistle 
and the pipe, which produced 380 waves a second. On 
changing places with my assistant, I heard for a time 
the distinct blast of the whistle only. The deeper note 
of J:he organ-pipe at length reached me, rising sometimes 
to great nJistinctness, and sometimes falling to inaudi- 
bility. The whistle showed the same intermittence as to 
period, but in an opposite sense ; for when the whistle was 
faint the pipe was strong, and vice veraj,.^ To obtain the 
fundamental note of the pipe it had to be blown gently, 
and on the whole the whistle proved the most efiScient in 
piercing the fog. ^ 

An extraordinary jfmoant of sound filled the air during 
^hese experiments. The resonank roar %;f the Bayswater 
and Knightsbridge roads ; the clangour of t^e great bell 
jf Westminster ; tliQ railway-;whistles, which were fre- 
quently blown; and the fog-signals exploded at the various 
metropolitan stations, were all heard with extraordinary 
intensity. This could by no means be reconciled with the 
sta^ments so categorically made regarding the acoustic 
impenetrability of a London fog. 

^ On the 11th of December, the fog being denser than 
before, I heard every blast of the whistle, and occasional 
blasts of the pipe, over the distadce between the bridge 
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and iBe eastern end of the Serpentine. On joining my 
assistant at the bridge,, the loud concussion of a gun was 
heard by both of us. A police inspector affirmed that it 
came from Woolwich, and that he had heard several shots 
about 2 P.M. and previously. The fact, il a fact, was of the 
highest importance ; so I immediately telegraphed to Wool- 
wich for information. Professor Abel kindly furnished me 
with the following particulars : — 

‘The firing took jJlace ai 1.40 *p.m. The guns proved 
were of comparatively snlall size — 64-pounders, with 10-lb. 
charges of powder. 

‘ The concussion experienced at my house and office, 
about three-quarters of a mile from the butt, \ras decidedly 
more severe than that experienced when the heaviest guns 
are proved with charges of 110 to 120 lbs. of povrder. 
There was a dense fog here at the time of firing.’ 

These were the guns heard by the police inspector ; 6n 
subsequent inquiry it was ascertained that two guns were 
fired at about 3 P.M. These were the guns heard by myself. 

ProfeSsor Abel also communicated to me the following 
fact : — ‘ Our workuitin’s bell at the Arsenal Gate, w^hich is 
of moderate size and anything but clear in tone, is pretty 
distinctly heard by Pfofessor Bloxam only when the wind 
is north-east. 'During the whole of last week the bell 
was heard wii;h great distinctness, the wind being south- 
ivesterly (opposed to the^sound). The distance of the bell '* 
from Bloxamfe house is about three-qjiaYters of a mile as 
the crow flies.’ 

Assuredly no question of science ever stood so much in 
need of revision as this of the tra.nsmission of sound 
through the atmosphere. Sl{>wly but surely we mastered 
the question ; and the further we advanced the m<ire 
plainly it appeared* that our reputed knowledge negarding 
it was erroneous from beginning to fend. • 

On the morning of the 12th the fog attained its maxi- 
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mum density. It was not possible to read at my window^ 
which fronted the open western sky. At 10.30 I sent an 
assistant to the bridge, and listened for his whistle and 
pipe at the eastern end of the Serpentine. The whistle 
rose to a shrillness far surpassing anything previously 
heard, but it sank sometimes almost to inaudibility ; in- 
dicating that though the air was on the whole highly 
homogeneous, acoustic clouds still drifted through the fog. 
A second pipe, which was quite inaudible yesterday, was 
plainly heard this morning. * Wfe were able to discourse 
across the Serpentine to-day with much greater ease than 
yesterday. 

During our summer observations we had once or twice 
been able to fix the position of the Foreland in thick 
■ haze by the direction of the sound. To-day my assistant, 
hidden by the fog, walked up to the Watermen’s Boat- 
house sounding his whistle ; and I walked along the oppo- 
site side of the Serpentine, clearly appreciating for a time 
that the line joining us was oblique to the axis of the 
river. Coming to a point which seemed to b'e exactly 
abreast of him, I marked it; and on*^'the following day, 
when the fog had cleared away, the marked position was 
found to be perfectly exact. When i^ndisturbed by echoes, 
the ear, with a little practice, becomes cfipable of fixing 
with great precision the ‘direction of a sound. This is a 
^oint of considerable difficulty, Vhich,^:hough examined 
by Lord Kayleigh and others, is hardly yet cleared up. 

* On reaching the' Serpentine this morning a peal of 
bells, which then began to ring, seemed so close at hand 
that it required some^ reflection to convince me ^that they 
were ringing to the north of Hyd*^' Park. The sounds 
fluctuated wonderfully in power Prior to the striking of 
eleven by the great bell of Westminster, a nearer bell struck 
yfith. loud clangour. ‘The first five strokes^of the West- 
minster bell were afterwards heard, one of them being ex- 
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tremely loud ; but the last six strokes were inaudible. An 
assistant was stationed to attend to the 12 o’clock bells. 
The clock which had struck so loudly at 11 was unheard 
at 12, while of the Westminster bell eight strokes out of 
twelve were inaudible. To such singular changes is the 
atmosphere liable. 

At 7 P.M. the Westminster bell striking seven was not 
at all heard from the^ Serpentine, while the nearer bell 
already alluded to was heard distinctly. The fog had 
cleared away, and the lamps bn the bridge could be seen 
from the eastern end of the Serpentine burning brightly ; 
but instead of the sound sharing the improvement of the 
light, what might be properly called an acoustic fog took 
the place of its optical predecessor. Several series of 
the whistle and organ-pipe were sounded in succession ; 
one series only#of the whistle-sounds was heard, all the 
others being quite inaudible. Three series of the organ- 
pil)e were heard, but exceedingly faintly. On reversing 
the positions and sounding as before, nothing whatever 
was heard. 

At 8 o’clock the* chimes and hour-bell of the West-, 
minster clock were both very loud. The ‘ acoustic fog ’ 
had disappeared. 

Extraordinary fluctuations were also observed in the 
sound of the •church bells : in a Tew seconds they would 
sink from a loudly^ ringing peal into uttey silence, from 
which they woald rapidly return to loud-iongued audibility. 
The intermittent drifting of fog ovef tlie sqn’s disc (by * 
which his light is at times obscured, at times revealed) is 
the opticaj analogue of these effect#. As regards such 
changes, the acoustic deportment of the atmosphere is a 
true transcript of its optical deportment. • 

At 9 P.M. three strokes only of the W'estminster clock 
were heard ; the others were inaudible. The air had re* 
lapsed in part into its condition at 7 p.m., when all the 
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strokcfe were unheard. The quiet of the park this even- 
ings as contrasted with the resonant roar which filled 
the air on the two preceding days, was very remarkable. 
The sound, in fact, was stifled in the optically clear but 
acoustically flocculent atmosphere. 

On the 13th, the fog being displaced by thin haze, I 
went again to the Serpentine. The carriage sounds were 
damped to an extraordinary^ degree. The roar of the 
Knightsbridge and Bayswater« roads had subsided, the tread 
of troops which passed us a liftle way off was unheard, 
while at 1 1 a.m. both the chimes and the hour-bell of the 
Westminster clock were stifled. Subjectively considered, 
all was favourable to auditory impressions ; but the very 
cause that damped the local noises extinguished our ex- 
perimental sounds. The voice across the Serpentine to-day, 
with my assistant plainly visible in front .of me, was dis- 
tinctly feebler than it had been when each of us was 
hidden from the other in the densest fog. 

Placing the source of sound at the eastern end of the 
Serpentine, I walked along its edge from the bridge towards 
the end. The distance between these two points is 
about 1,000 paces. After 500 had been stepped, the 
sound ^ was not so distinct as it had, been at the bridge on 
the day of densest fog. The optical cleansing of the air 
through the melting a^ray of the fog had,« therefore, so 
darkened it aqioustically, tkat a*' soun^ generated at the 
eastern end of the Serpewtine was lowered, at a point mid- 
• way between the end and^ the bridge, to one-fourth of its 
intensity. 

To these observations one or two subsequent ones may 
be added. On several of the moist and warm days at the 
biginning of 1874, J stood at noon beside the railing of 
St. James’s Park, near Buckingham Palace, three-quarters 
6( a mile from the cldck tower, which was .clearly visible. 
Not a single stroke of ‘ Big Ben ’ was heard. On January 
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19 fog and drizzling rain obscured the tower ; still from 
the same position I not only heard the strokes of the great 
bell, but also the chimes of the quarter bells. 

During the exceedingly dense and i dripping ’ fog of 
January 22, from the same railings, I heard every stroke of 
the bell. At the end of the Serpentine, when the fog was 
densest, the Westminster bell was heard striking loudly 
eleven. Towards evening this fog J)egan to melt away, and 
at 6 o’clock I went to the^enfl of the Serpentine to observe 
the effect of the optical clearmg upon the sound. Not one 
of the strokes reached me. At 9 o’clock and at 10 o’clock 
my a ssistant was in the same position, and on both occasions 
he failed to hear a single stroke of the bell. It was a case 
precisely similar to that of December 13, when the disso- 
lution of the fog was accompanied by a decided acoustic 
thickening of the air.^ 

§ 5. Obaervaiiona at the South Foreland. 

Satisfgictory and indeed conclusive as these result^ 
seemed, I desired exceedingly to confirm them by experi- 
ments with the inslruments actually employed at the South 
Foreland. On the 10th of February I had the gratifica- 
tion of receiving the •following note and inclosure &Gixi 
the Deputy Master of Trinity Hopseic— 

‘My dear TyAdall,!— The inclosed yfiW show how 
accurately your views have been»verifie,d, and I send them 
on at once without waiting for the details. I think you* 
will be glad to have them, and as soon as I^get the report 
it shall be jsent to you. I made up T%y mind ten days ago 
that there would be a chance, in the light foggy-disposed 

weather at home, and therefore sent the Argua off at an 

» 

> A friend infdrms me that he has followed a packof houndf on a clear 
calm day without hearing a single yelp from tlfe dogs ; while on calm fog^ 
days from the same distance the musical uproar of the pack was loudly 
audible. 


Z 



' tfiCTUi® VH; 

hour’s notice, and requested the Fog Committee to keep 
one member on board. On Friday I was so satisfied that 
the fog would occur that I sent Edwards down to record 
the observations, f . . 

‘ Very truly yours, 

‘ Fred. Arrow.’ 

The inclosure referred tq consisted of notes from 
Captain Atkins and Mr Edwards. Captain Atkins wrote 
' thus : — « 

‘ As arranged, I came down here by the mail express, 
meeting Mr. Edwards at Cannon Street. We put up at 
the “ Dover Castle,” and next morning at 7 I was awoke 
by sounds of the syren. On jumping up I discovered 
that the long-looked-for fog had arrived, and that the 
Argus had left her moorings. 

* ‘ However, had I been on board, the instructions I left 
with Troughton (the master of the Argus) could not have 
been better carried out. About noon the fog cleared up 

* and the Argus returned to her moorings, when I learned 
" that they had taken both syren and horn sounds to a dis- 

* tance of 11 miles from the station, where they dropped a 
buoy. ^ This I knew to be correct, agi I have this morning 
recovered the buoy, ^and the distances both in and out 
agree with Troughton’s statement, I have •'also been to 

^the Varne lightrship (12| miles Irom the Foreland), and 
ascertained that during thfe fog of Saturday forenoon they 
distinctly ’’^heard the sopnd^.’ 

Mr. Edwards, who was constantly at my side during 
our summer and autumn observations, and who is tho- 
roughly competent to form a comparative estimate of 
thm strength of the sounds, stated that those of the 
7th were* ‘extraordinarily loud,’ both Captain Atkins and 
14m self being awoke *by them. He did not remember 
ever before hearing the sounds so loud in Dover; it 
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seemed as though the observers were close to the instru- 
ments. 

Other days of fog preceded this one, and they were all 
days of acoustic transparency, the day oj densest fog being 
acoustically the clearest of all. 

The results here recorded are of the highest import- 
ance, for they bring us face to face with a dense fog and 
an actual fog-signal, ;f,nd cenfirm^in the most conclusive 
manner the observations mAde in London. 

It is exceedingly interesting to compare the transmis- 
sion of sound on February 7 with its transmission on 
October 14. The wind on both days had the same strength 
and direction. My notes of the observations show the 
latter to have been, throughout, a day of extreme optical 
clearness. The range was 10 miles. During the fog of 
February 7, the Argus heard the sound at 1 1 miles ; and 
it was also heard at the Varne light-vessel, whicji is 12J 
miles from the Foreland. 

It is also worthy of note that through the same fog the 
sounds were well heard at the South Sand Head ligtit^ 
vessel, which is ill the opposite direction from the South 
Foreland, and was actually behind the syren. This im- 
portant circumstance ts to be borne in mind : on Fsbruajy 
7 the syren happened to be pointed, npt towards the Argus^ 
but towards Dover. ^ Hadjthe yacht been in the axis of the 
instrument, it is almost certain that the sound would have 
been heard alf the way across to* the cojagjt of France. 

It is hardly necessary for me to Liy a wprd to guarcf 
myself against the misconception that I consider sound 
to be assisted by the fog itself. The^fogiiarticles have no 
more influence upon the wavesf of sound than the suspended 
.particles stirred uppver the banks of ’Newfoundland lia% 
upon the waves of the Atlantic. A homogeneous air is 
the usual associiate of fog, and hence* the acoustic cleamelfs 
of foggy weather. 



840 LECTURE VIL 

§ 6. tJxpeHmenta on Artificial Fogs, 

These observations are clinched and finished by being 
brought within the range of laboratory experiment. Here 
we shall leam incidentally a lesson as to the caution re- 
quired from an experimenter. 

The smoke from smouldering brown paper was allowed 
to stream upwards through ^its rectangular apertures, 
into the tunnel t f (Hg. 157) ; Jhe action upon the 
sound-waves was strong, rendering the short and agitated 
sensitive flame h tall and quiescent. 

Air first passed through ammonia, then through hydro- 
chloric acid, and thus loaded with thick fumes, was sent 
into the tunnel ; the agitated flame was rendered imme- 
diately quiescent, indicating a very decided action on the 
part of the artificial fog. 

Air passed through perchloride of tin and sent into 
the tunnel produced exceedingly dense fumes. The action 
upon the sound-waves was very strong. 

The dense smoke of resin, burnt before the *open end 
of the tunnel, and blown into it with a*piiir of bellows, had 
also the effect of stopping the sound-waves, so as to still 
tjiQ agitated flame. , 

The conclusion seems clear ; and its perfect harmony 
with the prevalent a p'iibri notions as to thef action of fog 
^ upon sound m^kes it almost irr^istible. But caution is 
here necessary. The smoke of the brown jxiper was hot ; 
the flask containing ‘the hydrochloric acid was hot; that 
containing the perchloride of tin was hot ; while the resin- 
. fumes produced by » red-hot poker were ali^o* obviously 
hot. Were the results, thei^ due to the fumes or to the 
differences of temperature ? The observations might well 
have pro^^ed a trap to an incautious reasoner; 

^ Instead of the smoke and heated air, the heated air alone 
from four red-hot pokers was permitted to stream upwards 



AETIFICIAL FOGS. 841 

into the tunnel tte action on the sound-waves was very 
decided, though the tunnel was optically empty. The 
flame of a candle was placed at the tunnel end, and the 
hot air just above its tip was blown ink) the tunnel ; the 
action on the sensitive flame was decided. A similar 
effect was produced when the air, ascending from a red- 
hot iron, was blown into the tunnel. 

In these latter oases the tunnel remained optically 
clear, while the same effec^^as that produced by the resin, 
smoke, and fumes, was observed. Clearly, then, we are 
not entitled to ascribe, without further investigation, to 
the artificial fog an effect which may have been due to the 
air which accompanied it. 

Having eliminated the fog and proved the non-homo- 
geneous air effective, our reasoning will be completed by 
eliminating the heat, and proving the fog ineffective. 

Instead of the tunnel ^ f, fig. 157, a cupboard with 
glass sides, 3 feet long, 2 feet wide, and about 5 feet high, 
was filled with fumes of various kinds. Here it was thought 
the fumes might ]jemain long enough for differences of 
temperature to disappear. Two apertures were made in 
two oiij)osite panes of glass 3 feet asunder. In front of 
aperture was placed the bell in its padded box, and^beklfid 
the other aperture, and at soipe distance from it, the 
sensitive flame. • J ^ 

Phosphorus placed in a cup floating on water was 
ignited within the closed cupboard. JThe fumes were so 
dense that considerably less than the three feet traversed 
by the sound extinguished totally a bright candle-flame. 
At first there was a slight action Apon the sound; but 
this rapidly vanished, the flame being no more affected 
than if the sound had passed through* pure air. The first 
action was mjjnifestly due to differences of* temperature, 
and it disapptJared when the temperature was equalised. 

The cupboard was next filled with the dense fumes of 
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gunpowder. At first there was a slight action ; but this 
disappeared even more rapidly than in the case of the 
phosphorus, the sound i)assing as if no fumes were there. 
It required less than half a minute to abolish the action 
in the case of the phosphorus, but a few seconds sufficed 
in the case of the gunpowder. These fumes were far more 
than sufficient to quench the candle-flame. 

The dense smoke o^ resin^ when the temperature had 
become equable, exerted no actiop on thfe sound. 

The fumes of gum mastic were equally ineffectual. 

The fumes of the perchloride of tin, though of extra- 
ordinary density, exerted no sensible effect upon the 
sound. 

Exceedingly dense fumes of chloride of ammonium 
next filled the cupboard. A fraction of the space through 
which the sound passed sufficed to quench the candle- 
flame. Soon after the cupboard was filled, the sound 
passed without the least sensible deterioration. An aper- 
ture at the top of the cupboard was oj)ened ; bijit though 
a dense smoke-column ascended through it, many minutes 
elapsed before the candle-flame could *be seen through 
Jbhe attenuated fog. 

cvSteam from a copper boiler was %o copiously admitted 
into the cupboard as ^.o fill it with a dense cloud. No real 
^ cloud was ever so dense ; still th j soun^l passed through it 
without the least sensible diminution. This being the 
case, cloud-echoe«i rtre not*a likely i)henomenon. 

In all of these cases, when a couple of Bunsen’s burners 
were ignited within the cupboard containing the fumes, 
less than a minute’? action rendered the air %o hetero- 
geneous that the sensitive flftme was completely stilled. 

^ These acoustically inactive fogs .were subsequently 
proved competent to cut off the electric light. 

^ Experiment and observation go, therefor^, hand in hand 
in demonstrating that fogs have no sensible action upon 
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sound. The notion of their impenetrability, wliich so 
powerfully retarded the introduction of phonic coast, 
signals, being thus abolished, we have solid ground for 
the hope that disasters due to fogs and J;hick weather will 
in the future be materially mitigated. 

§ 7. Action of Wind. 

• • » 

In stormy weather we v^re frequently forsaken by our 
steamer, which had to seek shelter in the Downs or in 
Margate Roads, and on such occasions the opportunity 
was turned to account to determine the effect of the wind. 
On October *11, accompanied by Mr. Douglass and Mr. 
Edwards, I walked along the cliffs from Dover Castle 
towards the Foreland, the wind blowing strongly against 
the sound. About a mile and a half from the Foreland, 
we first heard the faint but distinct sound of tlie syren. 
The horn-sound was inaudible. A gun fired during our 
halt was also unheard. 

As we approached the F oreland we saw the smoke of 
a gun. Mr. Edwards heard a faint crack, but neither 
Mr. Douglass nor I heard anything. The sound of the 
syren was at the saiiie time of piercing intensi^.^JJfe 
waited for ten minutes, when another gun was fired. The 
smoke was ^ hand, anc^ I thought I heard a faint thud, 
but could not be certaiif. My companioniJ heard nothing.* 
On pacing fhe distance aftetwards • \^e found it to be 
only 550 yards. We were*shaded afthe tiqie by a sligllt 
eminence from both the syren and the grgi, but this could 
not account for the utter extinctiou of the gun-sound at 
so short a distance, and at a time when the syren sent to 
us a note of great^power. • • 

Mr. Ayres, at my request, walked to wjindward along 
the cliff, while Mr. Douglass proceeded to St. Margaret’s 
Bay. During their absence I had 3 guns fired. / Mi^. 
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' Ayres" lieard only one of them. Favoured by the wind, 
Mr. Douglass, at twice the distance, and far more deeply 
immersed in the sound-shadow, heard all three reports 
with the utmost distinctness. 

Joining Mr. Douglass, we continued our walk to a 
distance of three-quarters of a mile beyond St. Margaret’s 
Bay. Here, being dead to leeward, though the wind blew 
with unabated violence, the sgund qf the syren was borne 
to us with extraordinary power.^ In this position we also 
heard the gun loudly, and tifro other loud reports at the 
proper interval of ten minutes, as we returned to the Fore- 
land. 

It is within the mark to say that the gifti on October 
11 was heard five times and might probably have been 
heard fifteen times as far to leeward as to windward. 

In windy weather the shortness of its sound is a serious 
drawback to the use of the gun as a signal. In the case 
of the horn and syren, time is given for the attention to 
be fixed upon the sound ; and a single puff, while cutting 
out a portion of the blast, does not obliterate it wholly. 
Such a puff, however, may be fatal to th6 momentary gun- 
sound. 

^ >J3n the leeward side of the Foneland, on the 23rd of 
October, the sounds ijere heard at least four times as far 
as on the windward side, while ^ in bgth directions the 
^ syren possessed®the greatest’penetrative power. 

On the 24th^the wihd shifted to E.S.E., and the 
bounds, whiclj when the wind Vas W.S.W. failed to reach 
Dover, were no^ heard in the streets through thick rain. 
On the 27th the wind was E.N.E. In our w-rking-room 
in the Lord Warden Hotel, m the bedrooms, and on the 
staircase the sound of the syren reache^us with surprising 
power, pitrcing through the whistling and m.baning of the 

^ The horn here was temporarily sbispended, but douutless would have 
been well heard. 
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mnd^ which blew through Dover towards Folkestone, Thd 
sounds were heard by Mr. Edwards and myself at 6 miles 
from the Foreland on the Folkestone road ; and had the 
instruments not then ceased sounding^they might have 
been heard much further. At the South Sand Head 
light-vessel, miles on the opposite side, no sound had 
been heard throughout the day. On the 28th, the wind 
being N. by E., the spunds.were Jieard in the middle of 
Folkestone, 8 miles oflF, while in the opposite direction 
they failed to reach 3| miles*. On the 29th the limits of 
range were Eastware Bay on the one side and Kingsdown 
on the other ; on the 30th the limits were Kingsdown on 
the one hantf and Folkestone Pier on the other. With a 
wind having a force of 4 or 5 it was a very common obser- 
vation to hear the sound in one direction three times as 
far as in the other. With such results before me, which 
probably surpass in number, variety, and defniteness 
any previously obtained, I am not likely to underrate the 
influence ^of wind upon sound. 

The action of* the wind here illustrated remained long 
an enigma. I well remember hearing Sir John Herschel — 
the author of the nwst important essay on SouiuJ 
extant — express his wonder at the (differences in sonorous 
power of thS Ha^khurj^t church bells, according as the 
direction of the sound coincided with, or was opposed to, 
the direction bf the wind. He 'shook ^his head in intima- 
tion that the problem was* still unsolved. , In the yeaf 
1857, however, the difficulty had been ♦ conquered by 
Professor gtokes. • 

His explanation is this.* In the case of wind the 
translation of the ajr close to the earth’s surface is sloii(%r 
than at a di^t^nce above the surface, because the air is 
held back by its friction against the earth and by intenl&l 
friction. Let the momentary position of a small portion 
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of a s^nd wave moving against the wind near the ground, 
be represented by a vertical line. The top of the wave, 
which is furthest removed from the earth’s surface, is 
pushed back by the moving air more than the bottom, 
which is opposed by a wind of less velocity. The wave 
therefore soon ceases to be vertical, its upper portion 
leaning backwards. Now, the motion of a sound wave is 
always at right angles to its front, %nd a moment’s reflec- 
tion will show that a wave caused by the wind to lean in 
the manner described, will* move, not horizontally, but 
obliquely upwards. 

The proof of this theory turned out to be far more 
easy than was at first supposed, and to Professor Osborne 
Reynolds we are indebted for its experimental verification. 
His source of sound was a small electric bell capable of 
being raised and lowered. Sounding this bell in windy 
weather,^ he moved to windward, and found that at a 
certain distance the sonorous waves passed over his head 
exactly as indicated by Stokes’s theory. He also found 
that by raising the bell, its sound was heard further 
against the wind than when it was placed near the ground. 
I have myself made many experiments on this subject on 
'ViKmbledon Common, and verified the results of Professor 
Reynolds. An arrangement was devised whereby a bell 
could be drawn uj) by m*eans of pullqy frofli the ground 
to a height of nine feet. Sounded below by a stroke, the 
strength of whi^h^w^as filled by an adjusted spring, an 
^observer retreated to windwatd until the sound ceased to 
be heard. Thp bell was then raised and again struck. 
The sound was imm«diately heard, the raising t)f the bell 
having to some extent neiJtralised the tilting up of the 
\^ves of sound. Again, by means pf a hinged ladder 
planted <upon the Common, I was enabled to raise my 
Iftbad to a height of ten or tw^elve feet abcl/e the ground. 
Placing the ladder to windward, the bell was sounded and 
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C5aused to retreat until an ear placed near the ^ound . 
ceased to hear anything. On ascending the ladder, the 
deflected waves were recovered, the sound becoming dis^ 
tinctly audible. The results were verifi^^ by experiments 
on a larger scale made in the Pagoda of Kew Gardens. 

It is obvious that any other cause which produces a 
difference of motion of the different parts of a sound wave 
will have an effect sin^ilar t© that^ produced by the wind. 
Professor Osborne Eeynolds had the penetration to discern 
that differences of temperature might come into play here. 
Supposing, for example, the air close to the earth’s surface 
to be warmer than that above it, the end of a sound wave 
close to the ground would, in still weather, move more 
rapidly than the parts of the wave at some height above 
it. In this way a wave at first vertical would become 
oblique, and, in consequence of its obliquity, would, as in 
the case of an opposing wind, be tilted upwards. Pro- 
fessor Osborne Eeynolds is here dealing with a true 
cause, buti he will, I trust, excuse me if I cannot, in all 
cases, accei)t the ^explanations which he has founded 
upon it. * 

§ 8. Atmospheric Selection. 

It has been stated that the atn\osphere, on dift’erent 
days, shows Preferences fo different sounds. This point 
is worthy of further illustration. ' 

After the* violent shower Vhich cq^sed over us on 
October 18, the sounds of itll the in^umenjts, as alread;^ 
stated, rose in power ; but it was noticed, that the horn 
sound, which was of lower pitch than that of the syren, 
improved most, at times not*only equalling, but surpass- 
ing, the sound o/ its rival. From this it might ibe 
inferred that. the atmosi)heric change produced by the 
rain favoured* more especially the transmission of iAe 
longer sonorous waves. 
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But our programme enabled us to go further than 
mere inference. It had been arranged on the day men- 
tioned, that up to 3.30 r.M. the syren should perform 
2,400 revolution%a minute, generating 480 waves a second. 
As long as this rate continued, the horn, after the shower, 
had the advantage. The rate of rotation was then changed 
to 2,000 a minute, or 400 waves a second, when the syren 
sound immediately suq)asse(}' that .of the horn. A clear 
connection was thus establisKed.between aerial reflection 
and the length of the sonorous waves. 

The 10-inch Canadian whistle being capable of ad- 
justment so as to produce sounds of different pitch, on 
the 10th of October I ran through a series of its sounds. 
The shrillest appeared to possess great intensity and pene- 
trative power. The belief is common that a note of this 
character (which aflects so powerfully, and even painfully, 
an observer close at hand) has also the greatest range. 
Mr. A. Gordon, in his examination before the Committee 
on Lighthouses, in 1845, expressed himself thus,: — ^ When 
you get a shrill sound, high in the gcale, that sound is 
carried much further than a lower note in the scale.’ I 
^ave heard the same opinion expressed by other scientific 

On the 14th of October the point was submitted to an 
experimental test. It had been Arranged that up to 11.30 
A.M. the Canadian whistle, which had been heard with 
such piercing int^sity on the 10th, should sound its 
shrillest note. At the hour just mentioned we were be- 
side the Vame buoy, 7| miles from the Foreland. The 
syren, as we approached the buoy, was heard through the 
paddle noises ; the horns were also heard, but more feebly 
4ffah the. syren. We paused at the buoy and listened for 
the 11. gun. Its ^boom was heard byr all. Neither 
before nor during , the pause was the shrill-sounding 
Canadian whistle once heard. At the appointed time it 



was adjusted to produce its ordinary low-pitched * note, 
which was immediately heard. Further out the low 
boom of the cannon continued audible after all the other 
sounds had ceased. 

But it was only during the early pari of the day that 
this preference for the longer waves was manifested. At 
3 P.M. the case was completely altered, for then the high- 
pitched syren was heard whep all the other sounds were 
inaudible. On many other days we had illustrations of 
the varying comparative powtftr of the syren and the gun. 
On the 9th of October sometimes the one, sometimes the 
othef was predominant. On the morning of the 13th the 
syren was clearly heard on Shakespeare’s Cliff, while two 
guns with their puffs perfectly visible were unheard. On 
October 16, 2 miles from the signal-station, the gun at 
11 o’clock was inferior to the syren, but both were heard* 
At 12.30, the distance being 6 miles, the gun was quite 
unheard, while the syren continued faintly audible. Later 
on in the day the experiment was twice repeated. The 
puff of the gun was in each case seen, but nothing was 
heard. In the last experiment, when the gun was 
quenched, the syren sent forth a sound so strong as to- 
maintain itself througji the paddle noises. The day w^ 
clearly hostile td the passage of the longer sonorous waves* 

October >7 began with a preference for the shorter 
waves. At 11.30 a.m. the mastery of the pyren over the 
gun was pronounced ; at 12.30 the gui^ slightly surpassed 
the syren; at 1, 2, and 2.30»p.»i. the glin also asserted ity 
mastery. This preference for the longer waves was con- 
tinued on October 1 8. On October ^0 the day began in 
favour of the gun, then both became equal, and finally 
the syren gained the mastery ; but tjhe day had become 
stormy, and a storm is always unfavourable to themaomen- 
tary gun soun*J. The same remark*applies to the expex- 
ments of October 21. At 11 a.m., ^distance 6^ miles, 
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when the syren made itself heard through the noises of 
. wind, sea, and paddles, the gun was -fired; but, though 
listened for with all attention, no sound was heard. Half 

an hour later the result was the same. On October 24 

« 

five observers saw the flash of the gun at a distance of 5 
miles, but heard nothing ; all of them at this distance 
heard the syren distinctly ; a second experiment on the 
same day yielded the same result.* ^ On the 27th also the 
syren was triumphant; and on three several wcasions on ' 
the 29th its mastery over 'the gun was very decided. 
Such experiments yield new conceptions as to the scatter- 
ing of sound in the atmosphere. 

§ 9. Concluding Reviarks. 

A few additional remarks and suggestions will fitly 
wind up this chapter. It has been proved that in some 
states of the weather the howitzer firing a 3-lb. charge 
commands a larger range than the whistles, trumpets, or 
syren. This was the case, for example, on the ‘particular 
day, October 17, when the ranges of all the sounds reached 
their maximum. 

'N^On many other days, however, ^he inferiority of the 
gun^oYhe syren was demonstrated in the blearest manner. 
The gun puffs were seen with the utmost distinctness at 
the Foreland, but no sound wasi heard, the note of the 
syren at the same^ time , reaching us with* distinct and 
considerable power.'^ • 

The disadvantages of tlie gun are these : — 
a. The duration pf the sound is so short tjiat, unless 
the observer is prepared beforehand, the sound, through 
l^k of attention ratjier than through its own powerless- 
ness, is Ijable to be unheard. 

^ 6. Its liability to be quenched by a lojfal sound is so 
great that it is soiAetimep obliterated by a puff of wind 
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taking possession of the ears at the time of its arrival. 
This point was alluded to by Arago, in his report on the 
celebrated experiments of 1822. By such a puff a mo- 
mentary gap is produced in the case of a continuous 
sound, but not entire extinction. 

c. Its liability to be quenched or deflected by an op- 
posing wind, so as to be practically useless at a very short 
distance to windward^ is v§ry remarkable. A case has 
been cited in which the gun failed to be heard against a 
violent wind at a distance of 550 yards from the place of 
firing, the sound of the syren at the same time being 
heard with great intensity. 

Still, notwithstanding these drawbacks, I think the 
gun is entitled to rank as a first-class signal. I have had 
occasion myself to observe its extreme utility at Holyhead 
and the Kish light-vessel near Kingstown. The com- 
manders of the Holyhead boats, moreover, are unanimous 
in their commendation of the gun. An important addition 
in its favour is the fact that, in fog, the flash or glare 
often comes to the aid of the sound. On this point the 
evidence is quite Conclusive. 

There may be cases in which the combination of the 
gun with one of th® other signals may be degii^blg. 
Where it is wished to confer an unpiistakable individu- 
ality on a fog-signal station, such a combination might 
with advantage be resortfed top 

If the gui/ be retained as ofie form qf fog signal (and 
I should be sorry at present*to recommend its total abo- 
lition), it ought to be of the most suitable description. 
Our experiments prove the sound (rf the gun to be de- 
pendent on its shape ; but we» do not, know that we have 
employed the best ghape. This suggests the desirabilify 
of constructing a gun with special reference, to the pro- 
duction of souid. 

Still more important than the shape of the gun is the 
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quality of the powder. A sharp shock is requisite to the 
production of a sonorous wave: a quick-burning powder 
is therefore most suitable. Gun-cotton or dynamite 
surpasses gunpowder as a sound-producer. 

An absolutely uniform superiority on all days cannot 
be conceded to any one of the instruments subjected to 
examination ; still, our observations have been so numer- 
ous and long-continued as tp enable us to come to the 
sure conclusion that, on the whole, the steam syren is 
the most powerful fog signkl which has hitherto been 
tried in England. It is specially powerful when local 
noises, such as those of wind, rigging, breaking waves, 
shore surf, and the rattle of pebbles, have to* be overcome. 
Its density, quality, pitch, and penetration, render it 
dominant over such noises after all other signal-sounds 
havesuccumbed. 

I have not, therefore, hesitated to recommend the in- 
troduction of the syren as a coast signal. 

It will be desirable in each case to confer upon the 
instrument a power of rotation, so as to enable the person 
in charge of it to point its trumi)et against the wind or in 
any other required direction. This arrangement was 
""^"l^^idejat the South Foreland, and it presents no me- 
chanical difficulty. Jt is also desirable to mount the 
syren so as to permit *of the depression of its trumpet 
• fifteen or twenty degrees below the horizon. 

In selecting the positibn at which a fog 'signal is to be 
Unounted, the possible influeilce of a sound shadow, and 
the possible en^tinction of the sound by the interference of 
the direct waves wkh waves reflected from khe shore, 
must form the subject of the gravest consideration. Pre- 
Ikuinaiy trials may^ in most cases, Ije necessary before 
fixing on the, precise point at which the instrument is to 
be placed. I 

, No fog signal hitherto tried is able to fulfil the condi- 
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tion laid down in a very able letter already referred to, 
namely, ‘ that all fog signals should he distiifictly audible 
for at least 4 miles, under every circumstance. Circum- 
stances may exist to prevent the most ♦ powerful sound 
from being heard at half this distance. What may with 
certainty be affirmed is, that in almost all cases the syren 
may certainly be relied on at a distance of 2 miles ; in 
the great majority of cases it may relied upon at a dis- 
tance of .S miles, and in thp ihajority of cases to a distance 
greater than 3 miles. 

Happily the experiments thus far made are perfectly 
concurrent in indicating that, at the particular time when 
fog signals are "needed, the air holding the fog in suspen- 
sion is in a highly homogeneous condition ; hence it is in 
the highest degree probable that, in the case of fog, we 
may rely upon the signals being effective at greater dis- 
tances than those just mentioned. •• 

I am cautious not to inspire the mariner with a confi- 
dence which may prove delusive. When he hears a fog 
signal he ought, as ,a general rule (at all events until 
extended experience justifies the contrary), to assume the 
source of sound to be not more than 2 or 3 miles distant, 
and to heave his ^ead oV take other necessary precautions^ 
If he errs at all in his estimate of dist^ance, it ought to be 
on the side of safctu. • 

With the instruments now at our dispbsal wisely es- 
tablished along coasts, I venture to thi.dk* that the saving^ 
of property in ten years will be an exceedingly large 
multiple of the outlay necessary for the establishment of 
such signalfe. The eaving of life ap|)eals to the higher 
motives of humanity. * * j. 

In a report written for the Trinity House on the sub- 
ject of fog signals, my excellent predecessor, F^rofessor 
Faraday, expresses the opinion that a felse promise to the 
mariner would be worse than no promise at all. Casting 
* A A 
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our eyes back upon the observations here recorded, we 
find the sound range on clear calm days varying from 2^ 
miles to 16^ miles. It must be evident that an instruc- 
tion founded oi^ the latter observation would be fraught 
with peril in weather corresponding to the former. Not 
the maximum but the minimum sound range should be 
impressed upon the mariner. Want of attention to this 
point may be followed, by disastrous consequences. 

This remark is not madq without cause. I have 
before me a ‘Notice to Mariners’ regarding a fog whistle 
recently mounted at Cape Race, which is reputed to have 
a range of 20 miles in calm weather, 30 miles with the 
wind, and in stormy weather or against the wind 7 to 10 
miles. Now, considering the distance reached by sound 
in our observations, I should be willing to concede the 
possibility, in a more homogtmeous atmosphere than ours, 
of a sovnd range on some calm days of 20 miles, find on 
some light windj^ days of 30 miles, to a powerful whistle ; 
but I entertain a strong belief that the stating of these 
distances, or of the distance 7 to 1 0 ^liles against a storm- 
without any qualification, is calculated to inspire the 
mariner with false confidence. I would venture to affirm 
^at^st Cape Race calm days might be fqund in which the 
range of the sound will be less than one-third of what 
this notice states it to be. Such piiWications ought to be 
without a trace of exaggeration, and furnish only data on 
which the maritte|^iiay with perfect confidence rely. My 
object in extending these observations over so long a 
period was to«make evident to all how fallacious it would 
be, and how mischievous it might be, to dtaw general 
conclusions from observations made in weather of great 
Acoustic transpareilcy. 

Thfts exds, for the present at all events, an inquiry 
which I trust will prove of some importaAce, scientific as 
well as practical. In conducting it I have had to con- 



CONCLUSION. 


SSg 

gratulate myself on the unfailing aid and co-operation of 
the Elder Brethren of the Trinity House. Captain Drew, 
Captain Close, Captain Were, Captain Atkins, and the 
Deputy Master, have all from time to ti^ie taken part in 
the inquiry. To the eminent Arctic navigator. Admiral 
Collinson, who showed throughout unflaggingand, I would 
add, philosophic interest in the investigation, I am in- 
debted for most importent piacticaj aid. He was almost 
always at my side, comparing opinions with me, placing 
the steamer in the required positions, and making with 
consummate skill and promptness the necessary sextant 
observations. I am also deeply sensible of the important 
services rendered by Mr. Douglass, the able and indefatig- 
able Engineer, by Mr. Ayres, the Assistant Engineer, and 
by Mr. Price Edwards, then Private Secretary of the 
Deputy Master of the Trinity House. 

The officers and gunners at the South’ Foreljiiid also 
merit my best thanks, as also Mr. Holmes and Mr. Laid- 
law, who h^d charge of the trumpets, whistles, and syren. 

In the subsequent ex'periraentfil treatment of the sub- 
ject I have been mast ably aided by my excellent assistant, 
Mr. John Cottrell. 


NOTE. • 

In the Appendix will he found a bric^aper on ‘Acoiu^ic Kevcrsibilityi 
in which additionalnexpcriments are doscriVed. TJiere, also, will ho found 
doscrihed two cases of acoustic opacity which r?nk* amongst the most 
remarkable hitherto recorded. • • 
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SUMMARY OF LECTURE VIL 

The seventh Lecti^re contains ^n account of researches 
on the acoustic qualities of the atmosphere in relation to 
the question of fog signals, and of the laboratory experi- 
ments suggested by these researches. 

The previous condition of the question is first described ; 
after which comes a description of the instruments and 
appliances established in 1873 at the South Foreland, 
with a view to the exhaustive examination of the subject. 
The investigation was conducted at the expense of the 
Government, and under the auspices of the Elder Brethren 
of the Trinity House. 

The most conflicting results were at firs^t obtained. 
On the 19th of May, 1873, the soun^ range was 3^ miles ; 
on the 20th it was 5^ miles ; on the 2nd of June, 6 miles ; 
on the 3rd, more than 9 miles ; on the lOth, 9 miles ; on 
j!heUi5th, 6 miles ; on the 26th, 9^ miles ; on the 1st of 
July, 12| miles ; on the 2nd, 4 miles ; while on the .3rd, 
with a clear calm atmosphere and snjooth *sea, it was less 
than 3 miles.* * 

These discrepancies were proved to be, in great part, 
due to a sAate of the air which bears the same relation 
to sound that cloudiness does to light. By streams of 
air differently heatted, or saturated in diffa^ent degrees 
with aqueous vapour, the atmosphere is rendered flocculent 
*to sound. ' • 

Acoustic clouds^ in fact, are incessahtly floating or 
Iflying through thp air. They have nothing whatever to 
do with ordinary clouds, fogs, or haze. The most trans- 
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parent atmosphere may be filled with them ; converting 
days of extraordinary optical transparency into days of 
equally extraordinary acoustic opacity. 

The connection hitherto supposed to exist between a 
clear atmosphere and the transmission of sound is there- 
fore dissolved. 

The intercepted sound is wasted by repeated reflections 
in the acoustic cloud, lighJb is wasted by repeated re- 
flections in an ordinary cloud. And as from the ordinary 
cloud the light reflected reaches the eye, so from the per- 
fectly invisible acoustic cloud the reflected sound reaches 
the ear. 

Aerial echBes of extraordinary intensity and of long 
duration may be thus produced. They occur, contrary to 
the opinion hitherto entertained, in the clearest air. 

The existence of these aerial echoes has been proved 
both by observation and experiment. They may arise 
either from air-currents differently heated, or from air- 
currents differently saturated with vapour. 

Kain has no sensible power to obstruct sound. 

Hail has no seifsil^le power to obstruct sound. 

Snow has no sensible i)Ower to obstruct sound. 

Fog has no sensible power to obstruct sound. 

The air associated with fog is, as a, general rule, highly 
homogeneous ^Ind fayourable to the transmission of sound. 
The notions hitherto entertaintjd regarding# the action of 
fog are untenable. 

Experiments on artificial shpwers of raiq, hail, and* 
snow, and on artificial fogs of extraordinary density, 
confirm thefresults of observation. 

As long as the air forms h continuous medium, the 
amount of sound scajitered by small bodies suspended in iC 
is astonishingly small. 

This is illustrated by the ease* with which sounfl 
traverses layers of calico, cambric, silk, flannel, baize, and 
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felt. * It freely passes through all these substances in 
thicknesses sufficient to intercept the light of the 
sun. 

Through six layers of thin silk, for example, it passes 
with littJe obstruction ; it finds its way through a layer 
of close felt half an inch thick, and it is not wholly inter- 
cepted by 200 layers of cotton-net. 

The atmosphere exercise^ a selective choice upon the 
waves of sound which varies from day to day, and even 
from hour to hour. It is* sometimes favourable to the 
transmission of the longer, and at other times favourable 
to the transmission of the shorter, sonorous waves. 

The recognised action of the wind has been confirmed 
by this investigation. 

This action is explained by the theory of Professor 
Stokes, which was first verified by the experiments of Pro- 
fessor t)^sborne Reynolds. 
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TAW OP YinRATORY MOTIONS ^IN WADi<:R AND^ AIR- -SUPERPOSITION OF VI- 
BRATIONS — INTERFERENCE OP SONOROUS WAVES— DESTRUCTION OP SOUND 
BY SOUND— COMBINED ACTIOI# OP# TWO SOUNLS NEARLY IN UNISON 
WITH EACH OTHER — THEORY OP BEATS — OPTICAL ILLUSTRATION OF THE 
PRINCIPLE OF INTERFERENCE — AU(;MENTATI0N OF INTENSITY BY PARTIAL 
EXTINCTION OF VIBRATIONS -DUANE ’s SOUNDLESS ZONES — RESULTANT 
TONES — CONDT|;jONS OF THEIR PRODUCTION — EXPERIMENTAL ILLUSTRA- 
TIONS — DIFFERENCE TONES AND SUMMATION TONES —THEORIES OF YOUNO 
AND HELMHOLTZ. 

§ 1 . Interference of Water-^Waves. 

F JROM .*1 boat in Cowes Harbour, in moderate Veather 
I have often watched the masts and ropes of the ships 
as mirrordd in the water. The images of the ropes revealed 
the condition of Uu'^ surface, indicating bj long and wide 
protuberances the passage of the larger rollers, and, by 
smaller indentations, tiie ripples which crept like parasites 
over the sides ctf the larger waves. The sea \ras fitfle fo 
accommodate*itself to the requirements of all its undula- 
tions, great and sihall. •Whqp the surface was touched 
with an oar, or when drops were permitted to fall from 
the oar into the water, theiie w'as also* room for the tiny 
wavelets thus generated. This carving of tlie surface* by 
weaves and jipples had its limit only i^ my ^jowers of obser- 
vation ; every wave and every ripple asserted its right of 
place, and retained its individual existence, amid t]^e 
crowd of other motions which agitated the watcr^ 

The law tlmt rules this chasing of the sea* this cross^pg 
and intermingling of innumerable snA,ll waves, is that the 
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resultant motion of every particle of water is the sum of 
the individual motions imparted to it. If a particle be 
acted on at the same moment by two impulses, both of 
which tend to raise it, it will be lifted by a force equal to the 
sum of both. If*acted upon by two impulses, one of which 
tends to raise it, and the other to depress it, it will be 
acted upon by a force equal to the difference of both. 
When, therefore, the sum of the motions is spoken of, the 
algebraic sum is meant — the^ motions which tend to raise 
the particle being regarded «as J)ositive, and those which 
tend to depress it as negative. 

When two stones are cast into smooth water, 20 or 30 
feet apart, round each stone is formed a series of expand- 
ing circular waves, every one of which consists of a ridge 
and a furrow. The waves touch, cross each other, and 
carve the surface into little eminences and depressions. 
Where ridge coincides with ridge, we have the water raised 
to a double height ; where furrow coincides with furrow, 
w^e have it depressed to a double depth ; where ridge co- 
incides with furrow, we have the water reduced to its 
average level. The resultant motion 6f the water at every 
point is, as above stated, the algebraic sum of the mot ions 
impressed upon that point. And if,. instead of two sources 
of disTurbance, we had ten, or a hundred^ or a thousand, 
the consequence would* be the same ; the •actual result 
might transcend our power^^ of observation, but the law 
above enunciated would still hold good. • 
t Instead of the intersection of waves from two distinct 
centres of disturbance, we may cause direct and reflected 
waves, from the samp centre, to cross each otli^r. Many 
of you know the beauty of the efiects produced when light 
is, reflected from ripples of water. When mercury is 
emjiloyecj the effect is more brilliant still. . Here, by a 
pr<g)er mode of agitation, direct and reflected waves may 
be caused to cross aifd interlace, and by the most wonder- 
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ful self-analysis to untie their knotted scrolls. Thd adja- 
cent figure (fig. 162), which is copied from the excellent 
Wellerdehre of the brothers Weber, will give some idea of 
the beauty of these effects. It represents the chasing 
produced by the intersection of direct anS reflected water- 
waves in a (jircular vessel, the point of disturTDance (marked 
by the smallest circle in the figure) being midway between 
the centre and the circumference. 

3 > 


Fig. J 62 . 



This power of water to accept and transmit multitu-# 
dinous impulses is shared by air, which concedes the right 
of space and motion to any number. ^ of sonorous waves. 
The same air is competent tp accept and transmit the 
vibrations of a thousand instruments, at the same tiinu 
When we try to visualise the motion of that air— 7 to pre- 
sent to the eye of the mind the battling oi the puls^ 
direct and reverberated — the imagination retires baffled 
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from flie attempt. Still, amid all the complexity, the 
law above enunciated holds good, every particle of air 
being animated by a resultant motion, which is the alge- 
braic sum of all the individual motions imparted to it. 
And the most wonderful thing of all is, that the human 
ear, though acted on only by a cylinder of that air, which 
does not exceed the thickness of a quill, can detect the 
components of the motion, jyid, bjr an act of attention, 
can even isolate from tfie aenial entanglement any parti- 
cular sound. ® 

§ 2. Interference of Sound, 

When two unisonant tuning-forks are sounded together, 
it is easy to see that the forks may so vibrate that the 
condensations of the one shall coincide with the conden- 
sations of the other, and the rarefactions of the one with 
the rarefactions of the other. If this be the case the two 
forks wifi assist each other. The condensations will, in 
fact, become more condensed, the rarefactions more rare- 
fied ; and as it is upon the difference of density between 
the condensations and rarefactions thStJoi6d?iess depends, 
the two vibrating forks, thus supporting each other, will 
produce a sound of greater intensity than that of either of 
them vibrating alone. * 

It is, how’ever, also 6asy to see that the two forks may 
be so related tp each other Ahat one of them shall require 
a condensation at tjie place where the other requires a rare- 
^action ; that the ' one fork 'shall urge the air -particles 
forw^ard, while the other urges them backward. If the 
oi)posIng forces be (jqual, particles so solicited, will move 
neither backwards nor forwards, the aerial rest which cor- 
responds to silence being the result. Thus, it is possible, 
by adding the sound of one fork to that .of another, to 
abolish the sounds of •both. We have here, a phenomenon 
which, above all Others, characterises wave-motion. It 
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was this phenomenon, as manifested in optics, that’led to 
the undulatory theory of light, the most cogent proof of 
that theory being based upon the fact that, by adding 
light to light, we may produce darkness, just as we can 
produce silence by adding sound to sound. 

During the vibration of a tuning-fork the distance 
between the two prongs is alternately increased and dimi- 
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nished. Let us call the motion which increases the 
distance the outward siving, and that which diminishes 
the distance tlie inward aiving of the fork. And let us 
suppose that our two forks, A and H,fig. 1 63, reach the limits 
of their outward swing and their inward swing at the same 
moment. In this case the phases of tJieir motion, to use the 
technical term, are the same. For the sake of simplicity 
W'e will confine our attention to the right-Iiand prongs, 
A and B, of the twQ forks, neglecting the other two 
prongs ; and now let us ask what inust be the distance 
between the prongs A and n, whtAi the condensations and 
rarefactions of both, indicatwi respectively by the dark 
and light shading, coincide?^ A little reflection will 
make it clear, that if the distai^ce from to A be equal to 
the length of a whole sonorous wave, coincidence between 
the two sy»tems of waves must follow. The same would 
evidently occur were the diskince between A and B two 
wave-lengths, three wave-lengths, four wave-lengths— 4n 
short, any number of whole wave-lengths. ^ In »all such 
cases we should have coincidence bf the two systemspof 
waves, and consequently a reinforcement of the sound of 
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the one fork by that of the other. Both the condensa* 
tions and rarefactions between A and C are, in this case, 
more pronounced than they would be if either of the forks 
were suppressed. ^ 

But if the prong B be only half the length of a wave 
behind a, what must occur? Manifestly the rarefactions 
of one of the systems of waves will then coincide with the 
condensations of the other system, l^e air to the right of a 
being reduced to quiescence. ‘ This is shown in fig. 164, 


l<'ia. 164. 
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where the uniformity of shading indiciites an absence both 
of condensations and rarefactions. When B is two half 
wave-lengths behind A, the waves, as ali’eady explained, 
support each other; when they are three half wave- 
lengths apart, they destroy each othef. Or, expressed 
generally, we have augmentation or destruction according 
as the distance between the two prongs amounts to an 
rn^en Si* an odd number of semi-undulations. Ih'ecisely 
the same is true of t‘he .waves of light. If .through any 
cause one system of ethereal, waves be dny even number of 
semi-undulations behind a,nother system, tlig two systems 
siipport each other when theydcoalesce, and we have more 
light. If the one system be any odd number of semi- 
undulations behind the other, they oppose each^other, and 
a destruction of light is the fcsult of their coalescence. 

, The action here referred to, both as regards sound and 
light, is failed Interference, * 
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§ 3. Experimental Illustrations. 

Sir John Herschel was the first to propose to divide a 
stream of sound into two branches, of diiHFerent lengths, 
causing the branches afterwards to reunite, and interfere 
with each other. This idea has been recently followed out 
with success by M. Quincke ; and it has been still further 
improved upon by M. Kdpig. The principle of these 

experiments will be at once< evident from fig. 165. The 

• # 

Fin. 165. 



tube o f divides into two branches at /, the one branch 
being carried rouhd n, and the other round m. The two 
branches are caused to reunite at gr, and to end in a com- 
mon canal, gp. The portion b n of the tube slide sover 
a ft, and can be drawn out as shown in the figure ; thus 
the sound-waves pan be causeci to pass over different 
distances in the two TDranches. Placing a vibrating 
tuning-fork at o, and the ear af jp, vrhan^thc two branches 
are of the same length, the* waves through both reach tlfb 
ear together, and the sound of the fork is heard. 
Drawing b out, a point is at length obtained where the 
sound of the fork is extinguished. This occurs when the 
distance u 6 is onn-fourth of a wave^-length ; or, in otlfCr 
words, when *the whole right-hand branch i^ half a wave- 
length longer than the left-hand orm. Drawing b n fcitill 
further out, the sound is again heard ; and when twice 
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the distance a b amounts to a whole wave-length, it 
reaches a maximum. Thus according as the difference of 
both branches amounts to half a wave-length, or to a whole 
wave-length, we ^ave reinforcement or destruction of the. 
two series of sonorous waves. In practice the tube o f 
ought to be prolonged until the direct sound of the fork 
is unheard, the attention of the ear being then wholly 
concentrated on the sounds that reaqh it through the tube. 

It is quite plain that the? wave-length of any simple 
tone may be readily found by this instrument. It is only 
necessary to ascertain the difference of path which pro- 
duces complete interference. Twice this difference is the 
wave-length ; and if the rate of vibration b*e at the same 
time known, we can immediately calculate the velocity of 
sound in air. 

Each of the two forks now before you executes exactly 
2§6 vibrations in a second. Sounded together, they are 
in unison. Loading one of them with a bit of wax, it 
vibrates a little more slowly than its neighbour. ^ The wax, 
say, reduces the number of vibrations to 255 in a second ; 
how must their waves affect each other }' If they start at 
the same moment, condensation coinciding with condensa- 
tion, and rarefaction with rarchiction, it is quite manifest 
that this state of thipgs cannot continue. At the 128th 
vibration their phases are in complete^ opposition, one of 
them having gained half a ‘vdbra'tion on the other. Here 
the one fork generates condensation wlfere the other 
{generates a r/irefaction : and fhe consequence is, that the 
tw'o forks, at this particular point, completely neutralise 
each other. From tiiis point onwards, however, the forks 
support each other more and more, until, at the end of a 
sdcond, when the one has completed^ its 255th, and the 
other its 25(?th vibration, condensation again coincides 
with condensation, an'd rarefaction with rarefaction, the 
full effect of Loth sounds being produced upon the ear. 
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It is quite manifest that under these circumstances 
we cannot have the continuous flow of perfect unison. 
We have, on the contrary, an alternate rising and falling 
of the sound. We obtain, in fact, th§ effect known to 
musicians by the name of heats^ which, as here explained, 
are a result of interference. 

I now load this fork still more heavily, by attaching a 
fourpenny-piece to th^ wax > the coincidences and inter- 
ferences follow each other fnore rapidly than before ; we 
have a quicker succession of beats. In our last experi- 
ment, the one fork accomplished one vibration more than 
the other in a second, and we had a single beat in the 
same time. In the present case, one fork vibrates 250 
times, while the other vibrates 256 times in a second, and 
the number of beats per second is 6. A little reflection 
will make it plain that in the interval required by the 
one fork to execute one vibration more than thp other a 
beat must occur ; and inasmuch as, in the case now before 
us, there ^re six such intervals in a second, tliere must be 
six beats in the same time. In short, the number of 
beats per second is ahvays eqnal to the difference hetivem 
the two rates of vibration, 

, * . • 

§ 4. Interference of Waves from Oryan-^pipes, 

• 

Beats may be produced by^all sonorous ^3odies. These 
two tall organ-pipes, for example, when sounded together, 
give powerful beats, one of them being slightly longer 
than the other. Here are two other pipes, which are 
now in perfect unison, being exactly ftf the same length. 
But it is only necessary to* bring file finger near the 
embouchure of one of the pipes, fig. 166, to lower its 
rate of vibration, and produce loud and rapid beats. The 
placing of the!" hand over the open toj of one of the pipes 
also lowers its rate of vibration, and produces beats, which 
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follow *each other with augmented rapidity as the top of 
the pipe is closed more and more. By a stronger blast 
the two first harmonics of the pipes are brought out. 

These higher notes also in- 
terfere, and you have these 
quicker beats. 

No more beautiful illus- 
fctratiop of this phenomenon 

‘can be adduced than that 

< 

furnished by two sounding 
flames. Two such flames are 
now before you, the tube sur- 
rounding one of them being 
provided with a telescopic 
slider, fig. 167 (next page) 
There are at present no 
beats, because the tubes arc 
not sufficiently near unison. 
I gradually lengthen the 
shorter^ tube by raising its 
slider. Rapid beats are now 
heard ; now they are slower ; 
]\ow slower still ; and now both flamv^s sing together in per- 
fect unison. Continuing the upward motion of the slider, 
I make the tube too long ; the beats begin again, and 
quicken, until finally their ^fequence is so rapid as to appeal 
only as roughness «to the ear. The flames, you observe, 
(lance withii? their tubes in time to the beats. As already 
stated, these beats cause a silent flame within a tube to 
quiver when the voice is thrown to a propef pitch, and 
when the position ©f the fla^e is rightly chosen, the beats 
fet it singing. With the flames of large roseburners, and 
with tifl: tubes from 3 to 9 feet long, we obtain beats of 
exceeding power. ** 

You have just heard the beats j^roduced by'two tall 
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organ-pipes nearly in unison with each other. Two^other 
pipes are now mounted on our wind-chest, fig. 168 (next 
page) each of which, however, is provided at its centre with 
a membrane intended to act upon a flame.^ Two small tubes 
lead from the spaces closed by the meml3ranes, and unite 
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afterwards, the membranes of* both the organ-pipes being 
thus connected with the same flame. • By means of the 
sliders, s, s', near the summits of the pipes, thoy are either 
brought into unison or thrown out of it at pleasure. They 
are not at present in unison, and thS beats they produce 
follow each other with great* rapidity. The flame con- 
nected with the central membranes dances in time to tfie 
beats. When brought nearer to unison, 1?he l5eats are 

* Described in Lectnre^V. 
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slowei^ and the flame at successive intervals withdraws its 
light and exhales it. A process which reminds you of 
the inspiration and expiration of the breath is thus 
carried on by the flame. If the mirror, M, be now tiu*ned, 
the flame produdes a luminous band — continuous at cer-- 


Fig. 168 . 



tain places, but for the most part broken into distinct 
images of the flaine. The continuous parts, correspond to 
the intervals of toterference \yhere the two sets of vibra- 
tions abolish^each other. * 

Instead of permitting both pipes to act upon the same 
flame, we may associate a flame with each of tliein. The 
deportment of the flames is then very instructive. Ima- 
gine both flames to be in the same v^tical ^ line, the one 
of them being exactly under the other. Bringing the 
pipes into unison, and turning the mirror, we resolve each 
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flame into a chain of images, but we notice that the 
images of the one occupy the spaces between the images 
of the othelr. The periods of extinction of the one flame, 
therefore, correspond to the periods of kindling of the 
other. The experiment proves that wh8n two unisonant 
pipes are placed thus close to each other, their vibrations 
are in opposite phases. The consequence of this is, that 
the two sets of vibrations permanently neutralise each 
other, so that at a littte distjiiice ftom the pipes you fail 
to hear the fundamental fonei of either. For this reason 
we cannot, with any advantage, place close to each other 
in an organ several pipes of the same pitch. 

» 

§ 5. Lissajous^ Illustration of the Beats of tivo 
Tuning-forks. 

In the case of beats, the amplitude of the oscillating 
air reaches a maximum and a minimum periodically. By 
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the beautiful method of M. Lissajou,s we can illustrat® 
optically this alternate augmentation and diminution of 
amplitude. Pl/icing a large tuning*-fork, t', fig. 1 69, ki 
front of the lamp, L, a luminous beaSi is received upon 

D 1< 2 
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the niirror attached to the fork. This is. reflected back to 
the mirror of a second fork, T, and by it thrown on to the 
screen, where it forms a luminous disc. When the bow is 
drawn over the fork t', the beam, as in the experiments 
described in the Second Lecture, is tilted up and down, the 
disc upon the screen stretching to a luminous band two or 
three feet long. If, in drawing the bow over this second 
fork, the vibrations of both coincide in phase, the band 
will be lengthened ; irthe p)iases are in opposition, total 
or partial neutralisation of the bne fork by the other will 
be the result. It so happens that in the present instance 
the second fork adds something to the action of the first, 
the band of light being now four feet long« These forks 
have been tuned as perfectly as possible. Each of them 
executes exactly 64 vibrations in a second ; the initial 
relation of their phases remains, therefore, constant, and 
hence you notice a gradmil shortening of the luminous 
band, lite that observed during the subsidence of the 
vibration of a single fork. The band at length dwindles 
to the original disc, which remains motionlesS upon the 
screen. ** o 

By attaching, with wax, a threepenny-piece to the 
prong of one of these forks, its rate^of vibration is lowered. 
The phases of the two forks cannot now 'retain a constant 
relation to each other. < One fork incessantly gains upon 
the other, anji the conse 9 [uenoe is that sometimes the 
phases of both coincide, and at other times they are in 
i>pposition. Observe the result. At the present moment 
the two forks conspire, and we have a luminous band four 
feet long upon the jicreen. This slowly contrq,cts, drawing 
itself up to a mere disc ; but the action halts here only 
during the moment of opposition. That passed, the forks 
begin again ^to assist each other, an(f the disc once more 
slowly stretches intc^ a band. The actiqp here is very 
slow ; but it may l5e quickened by attaching a sixpence 
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to the loaded fork. The band of light now stretches, and 
contracts in perfect rhythm. The action, rendered thus 
optically evident, is impressed upon the air of this room ; 
its particles alternately vibrate and con^ to rest, and, as 
a consequence, beats are heard in synchronism with the 
changes of the figure upon the screen. 

The time which elapses from maximum to maximum, 
or from minimum to •minimum, is that required for the 
one fork to perform one yil)Mion more than the other. 
At present this time is about two seconds. In two seconds, 
therefore, one beat occurs. When we augment the dis- 
sonance by increasing the load, the rhythmic lengthening 
and shortening of the band is more rapid, while the in- 
termittent hum of the forks is more audible. There are 
now six elongations and shortenings in the interval taken 
up a moment ago by one ; the beats at the same time 
being heard at the rate of three a second. By loading 
the fork still more, the alternations may be caused to 
succeed each other so rapidly that they ciin no longer be 
followed by the e^#^, while the beats, at the same time, 
cease to be individually distinct, and appeal as a kind of 
roughness to the ear. 

In the experiments with a single tuning-fork, ^ilready 
described (fi^. 22, Lecture II.), yie»beam reflected from 
the fork was received on^a looking-glass, and, by turning 
the glass, the band of light on the screen'was caused to 
stretch out into a long wavy line. It w?is •explained at the 
time that the loudness of the souhd depended on the depth 
of the indentations. Hence, if the band of light of vary- 
ing length how before us on the screen be drawn out in a 
sinuous line, the indentations ought td be at some places 
deep, while at others they ought to* vanish altogether. 
This is the case. By a little tact tl^e mirror ’of tlie fork T 
(fig. 169) is caused to turn through a small angle, a 
sinuous line composed of swellings and contractions (fig. 
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170) being drawn upon the screen. The swellings coi> 
respond to the periods of sound, and the contractions to 
those of silence.* 

Two vibrating bodies, then, each of which separately 
produces a musical sound, can, when acting together, 
neutralise each other. Hence, by quenching the vibra- 


Fig, 170. 



tions of one of them, we may give sonorous effect to the 
other. It often happens, for instance, l5iat when two 
tuning-forks, on their resonant cases, are vibrating in 
unison, the stoppage of one of them is accompanied by an 
augmentation of the sound. This point may be further 
illustrated by the vibrating bell, already described (fig. 78, 
Lecture IV.). Placing its resonant tube in front of one 
of its nodes, a sound is heard, but nothing like what is 
heard when the tube is opposed to a ventral segment. 
The reason of this is that the vibrations of a bell on the 
opposite sides of a nodal line are in opposite directions, 
apd they therefore interfere with each other. By intro- 
ducing a glass plate , between the bell and the tube, the 
vibrations on one side of the nodal line may We intercepted ; 
an instant augmentation of the 8ound is the consequence. 

• r 

• * 

" § 6. Interference of W.ave^ from a Vibrating Disc. 

HopJij^na^ and Lissajous^ Illustrations, 

In a vibrating disc every two adjacent sectors move at 
^e same time iif opposite directions. When the one 
sector rises the otter falls, the nochtl line marking the 

c * The figure is but a nrtiagre representation of the, fact. The band of 
light was two inches widi, the depth of the sinuosities varying from three 
feet to zero. 
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limit between them. Hence, at the moment when any 
sector produces a condensation in the air above it, the 
adjacent sector produces a rarefaction in the same air. A 
partial destruction of the sound of one s^tor by the other 
is the result. You will 
now understand the in- 
strument by which the 
late William Hopkins 
illustrated the princip^p 
of interference. The tube 
A B, fig. 171, divides at b 
into two branches. The 
•end A of the £ube is closed 
by a membrane. Scatter- 
ing sand upon this mem- 
brane, and holding the ends 
of the branches over ad-- 
Jacent sectors of a vibrating 
disc, no loption (or at least 
an extremely feebltj motion) of the sand is perceived. 
Placing the ends dt the two branches over alternate sectors 
of the disc, the sand is tossed from the membrane, proving 
that in this casq we Iftive coincidence of vibration on the 
part of the two sectors. • 

We are now pTsepared for a very instructive experi- 
ment, which we owe tp M. T<issajous. Brawing a bow 
over the edge*of a brass disc, I divide h into six vibrating 
sectors. When the palm of the? hand is brought over any 
one of them, the sound, instead of being •diminished, is 
augmented; When two hands afb placed over two 
. adjacent sectors, you notice no increase of the sound ; but 
when they are placed over alternate sectors, as in fig. 
172, a striking augmentation of the sound ds th'e conse- 
quence. By* simply lowering and^ raising the hantis, 
marked variations of intensity are produced. By the 
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approach of the hands the vibrations of the two sectors 
are intercepted; their interference right and left being 

thus abolished, the remain- 
ing sectors sound more 
loudly. Passing the single 
hand to and fro over the 
surface, you also hear a 
rise fall of the sound- 
It rises when the hand is 

o 

over a vibrating sector ; it 
falls when the hand is over 
a nodal line. Thus, by 
sacrificing a jTortion of the 
vibrations, we make the 
residue more effectual. Ex- 
periments similar to these 
may be made with light and radiant heat. If of two 
beams of the former, which destroy each other by inter- 
ference, one be removed, light takes the placq of dark- 
ness; and if of tw^o interfering beams of the latter one 
be intercepted, heat bikes the place of cold. 

§ 7. Quenching the Sound of one JProng of a Tuning- 
* fork by that of the othei\ 

You have remarked the almost totsil absence of sound 
on the part of ci vibrating ffiining-fork when held free in 
the hand. The feebleness of the fork as a sounding body 
alises in part, from interference. The prongs always vi- 
brate in opposite directions, one producing a condensation 
where the other produces a rarefaction, a dej^cruction of 
sound being the consequence. By simply passing a paste- 
bAard tube over one of the prongs of the fork, its vibrations 
are in psfrt intercepted, and an augmentation of the sound 
is the result. The single prong is thus proved to be more 
effectual than the tw'o prongs. There are positions in 
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which the destruction of the sound of one prong liy that 
of the other is total. These positions are easily found by 
striking the, fork 
and turning it 
round close to the 
ear. When the 
back of the prong 
is parallel to the 
ear, the sound is 
heard ; when the 
side surfaces of 
both prongs are 
parallel to * the 
ear, the sound is 
also heard ; but 
when the comer 
of a prong is carefully presented to the ear tjie sound 
is utterly destroyed. During one complete rotation of the 
fork we fiud four positions where the sound is thus ob- 
literated. , 

Let 8 8 (fig. 1^^3) represent the two ends of the tuning- 
fork, looked down upon as it stands upright. When the 
ear is placed at or ft, or at c or the sound is^ heaid. 
Along the four dotted lines, on the. contrary, the waves 
generated by the two prongs coini)letely neutralise each 
other, and nothing is tl^ere h^ard. These lines have been 
proved by We\)er to be hyperbolic curres ; and this must 
be their character according lo the principle o£interfei:enc* .. 

This remarkable case of interference, which was first 
noticed b/Dr. Thomas Young, and* thoroughly investi- 
gated by the brothers Weber, may be rendered audible 
by means of resonance. Bringing a* vibrating fork over 
a jar which resounds to ft, and causing the foilc to ro- 
tate slowly, iif four positions we ha>jp a loud resonance ; 
in four others absolute silence, alternate risings and fall- 
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ings of the sound accompanying the fork’s rotation. While 
the fork is over the jar with its corner downwards, and 
the sound entirely extinguished, let a pasteboard tube be 
passed over one ^f its prongs, as in fig. 174, a loud re- 
sonance announces 
the withdrawal of 
the vibrations of 
that prong. To ob- 
tain this effect, the 
fork must be held 
over*' the centre of 
the jar, so that the 
air shall be sym- 
metrically distri- 
buted on both sides 
of it. Moving the 
fork from the cen- 
tre towards one of the sides, without altering its inclina- 
tion in the least, we obtain a forcible sound^^ Inter- 
ference, however, is also possible near^the side of the jar. 
Holding the fork, not with its comer doWwards, but with 
both its prongs in the same horizontal plane, a position is 
« 0 (>n found near the side of the jar Where J^he sound is ex- 
tinguished. In passing completely from side to side over 
the mouth of the jar, two such places <of interference are 
‘discoverable. < ^ 

A variety of .experiments will suggest {hemselves to 
the reflecting mind, by whicfi the effect of interference 
may be illustraited. It is easy, for example, to find a jar 
which resounds to a^’vibrating plate. Such a*jar, placed 
•over a vibrating segment of the plate, produces a powerful 
resonance. Placed ‘over a nodal line, the resonance is 
entirely dcbsent ; but if a piece of pasteboard be inteq^osed 
between the jar and, plate, so as to cut off the vibrations 
•on one side of the nodal line, the jar instantly resounds 
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to the vibrations of the other. Again, holding two* forks^ 
which vibrate with the same rapidity, over two resonant 
jars, the sound of both flows forth in unison. When a 
bit of wax is attached to one of tlie for^s, powerful beats 
are heard. Removing the wax, the unison is restored. 
When one of these unisonant forks is placed in the flame 
of a spirit-lamp its elasticity is changed, and it produces 
long loud beats with its unwarmed fellow.' If while one 
of the forks is sounding qn Ifcs resonant case, the other be 
excited and brought near the mouth of the case, a s in fig. 


Fig. 175. 



175, loud beats declare ..the absence of unison. Dividing 
a jar by a vertical dia^ihragm, and bringing one of the 
forks over one of its hal^s, and tlie* other fork o^r 
the other ; the two semi-cylinders of air produce -beats 
by their interference. But the diaj)hragfti is not neces- 
sary; on removing it, the b^ats continue as before, one 

half of the same column of air interfering with the othey 

» 

* In his admirable experiments on tuning, Scheibler found in the 
beats a test of differences of temperature ol exceeding delicacy. ^ 

* Sir John Herschel and Sir C. WhcatstoAe, I believe, made this ex« 
pedment independently. 
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directly from the fog signal with waves reflected from the 
sur&ce of the sea. Our invaluable sensitive flame enables 
us to test this theory. Observe, in the first place, the 
influence of reflection in augmenting the action upon the 
flame. Placing the sounding reed at a, fig. 176, and 
the flame at c, we adjust the pressure so as to bring the 
flame, while burning steadily, near its flaring point. Be- 


^ Fuj. JTT. * 



tween a and c I now introdijce iu smooth deal board p 
By the addition of the wayes reflated from the board to 
the direct waves, *'the flame is violently agitated. (In the 
figure the ste'ady flame is shown in combination with the 
agitated flame.*) When the board is removed^ the flame 
becomes still, whereas its hitroduction is always followed 
by flaring. While \he flame is agitated, I throw a piece 
of coarsq woollen cloth over thg board! The reflection is 
thereby so far abolisl^d that the flame is^ stilled. The 
removal of the cloth ht once restores the agitation. 
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Here the direct and reflected waves reinforca each 
other. But it is easy to see that the board may be 
so placed that the reflected waves, having to pasa 
over a greater distance, will lag# by half a wave-length 
behind the direct ones. If this occur,^we should be led 
on a priori grounds to infer that the direct and reflected 
waves would mutually destroy each other. The experi- 
ment requires care, but, if jjroperly made, it is infallibly 
successful. I first of* all s^ arrahge the pressure that^ 
when the reed a, fig. l/*7, founds, the flame flares. I 
now carefully lift the smooth deal board between reed and 
flame ; at a certain height the agitation of the flame is 
increased. Raising the board still higher, the flame c e 
is completely stilled. Thus, by pouring the reflected 
waves, with a proper amount of retardation, among the 
direct waves, we sensibly destroy the sound. Instead of 
our reed, let us imagine a fog -whistle on the coast of Maine ; 
instead of our flame, an observer on the deck of *a vessel j 
and instead of our board, the smooth sea. At a distance 
from the shore which would cause the reflected waves to 
lie half a wave-lellg^h behind the direct ones, we should 
have the precise conditions illustrated by the experiment 
just made before you^ The union of the direct and re- 
flected wav^si wolild thus produce the soundless &one of 
General Duane. 


RRSULTAXT TOJSRS. 

We have now to turn from this question of ’interference 
to the consideration of a new class of musical sounds, of 
which the beats were long considered to be the progeni- 
tors. The sounds here referred to^ require for theix 
production the unfon of ^ two distinct musical, tones. 
Where such union is effected, under the proper cqji« 
ditions, remltant tones are generated, which are quite 
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distinct from the primaries concerned in their production. 
They were discovered in 1745, by a German organist 
named Sorge, but the publication of the fact attracted 
little attention. They •were discovered independently in 
1 764 by the celebrated Italian violinist Tartini, and after 
him have been called Tartini’s tones. 

To produce them it is desirable, if not necessary, to 
have the two primary tones of considerable intensity. 
Helmholtz prefers the Syren ^to all other means of exciting 
them, and with this instmmeht they are very readily 
obtained. It requires some attention at ^rst, on the part 
of the listener, to single out the resultant tone from the 
general mass of sound ; but, with a little practice, this is 
readily accomplished; and though tlie unpractised ear 
may fail, in the first instance, thus to analyse the sound, 
the clang-tint is influenced in an unmistakable manner 
by the admixture of resultant tones. I set Dove’s syren 
in rotation, and open two series of holes at the same 
time ; witli the utmost strain of attention, I am as yet 
unable to hear the least symptom of a resulhint tone. 
Urging the instrument to greater ^rapidity, a dull low 
droning mingles w^itli the two primary sounds. Kaising 
the speed of rotation, the low resultant tone rises rapidly 
in pitch, and now, to those who stand clftse to the instru- 
ment, it is very audibly. Tlie two series of holes here 
open, number ^8 and 12 respectively. * The resultant tone 
is in this case aq octave below* the deepest of the two 
primaries. Opening two other series of orifices, num- 
bering 12 and 16 respectively, the resultant tone is quite 
audible. Its rate qf vibration is one-third of the rate of 
the deepest of the^two primaries. In all cases, the result- 
lint tone is that which corresponds to a rate of vibration 
equal to thejdifference of the rjxtes of the hoc primaries. 

« The resultant tcflae here spoken of ig that actually 
heard in the experiment. But with finer methods of 
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experiment other resultant tones are proved to* exist. 
Those on which we have now fixed our attention are, how- 
ever, the most important. They are called difference tones 
by Helmholtz, in consequence of fhe law just mentioned. 

To bring these resultant tones audibly forth, the pri- 
maries must, as already sbited, be forcible. When they 
are feeble the resultants are unheard. I am acquainted 
with no metliod of exqiting *these^ tones more simple and 
effectual than a pair of suitable singing flames. Two such 
flames may be caused to *emit powerful notes — self- 
created, self-su!#tained, and requiring no muscular effort 
on the part of the observer to keep them going. Here 
are two of thfem. The length of the shorter of the two 
tubes surrounding these flames is 1()| inches, that of the 
other is Ilf inches. I hearken to the sound, Jind in the 
midst of the shrillness detect a very deep resultant tone. 
The reason of its depth is manifest: the two tujbes being 
so nearly alike in length, the difference between their 
vibrations^ is small, and the note corresponding to this 
differtiuce, therefore^ low in pitch. Lengthening one of 
the tubes by ineafis of its slider, the resultant tone rises 
gradually in pitch, and at length swells surprisingly. 
When the tube is shortened the resultant tone falls, a^d 

• I 

thus by alternately raising hnd lowering the slider, the re- 
sultant tone IS paused to rise and*sink, in accordance with 

the law which makes the mftmber of its* vibrations the 

> 

difference between the number^ of its two primaries. 

We can determine, with ease, the actuaj number ^f 
vibrations corresponding to any one of those resultant 
tones. The sound of the flame is that of the open tube 
which surrounds it, and we haVe already learned (Lecture 
III.) that the length of such a tube is half that of the 
sonorous wavfe it produces^. The wave-length, therefore, 
corresponding 'to our 10|-inch tube^ is 20f inches. Tfhe 
velocity of sound in air of the present temperature is 
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1,120 Ifeet a second. Bringing these feet to inches, and 
dividing by 20|, we find the number of vibrations cor- 
responding to a length of 10^ inches to be 648 per 
second. ^ 

But it must not be forgotten here, that the air in 
which the vibrations are actually executed is much more 
elastic than the surrounding air. The flame heats the 
air of the tube, and ^he vibratio^is must, therefore, be 
executed more rapidly than*thej would be in an ordinary 
organ-pipe of the same length. To determine the actual 
number of vibrations, we must fall back flpon our syren ; 
and with this instrument it is found that the air within 
the 10|-inch tube executes 717 vibrations* in a second. 
The difference of 69 vibrations a second is due to the 
heating of the aerial column. Carbonic acid and aqueous 
vapour are, moreover, the product of the flame’s combus- 
tion, and, their presence must also affect the rapidity of 
the vibration. 

Determining in the same way the rate of vibration of 
the 1 1 |-inch tube, w^c find it to be 6^67 per second ; the 
difference between this number and *717 is 50, which 
expresses the rate of vibration corresponding to the first 
deep resultant tone. • 

But this number does not mark the limit Of audibility. 
Permitting the ll j-incli tube to reinain a*s before, and 
lengthening its neighbour, ‘the r^^sultant tone sinks near 
the limit of heaping. Wfien the shorter fube measures 
ll inches, the deep sound of^ the resultant tone is still 
heard. The nvimber of vibrations per second executed in 
this 11-inch tube ifi 700. We have already found the 
number executed ih the ll|-inch tube to be 667 : hence 

fi o y 

700 — 667 = 33, whi^h is*the number ..of vibrations corre- 
sponding to the resultant tone how plainly heard when the 
attention is converged upon it. We here dome very near 
the limit which Helmholtz has fixed as that of musical 
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audibility. Combining the sound of a tube 17| in^es in 
length with that of a 10§-inch tube, we obtain a resultant 
tone of higher pitch than any previously heard. Now, the 
actual number of vibrations executed ig the longer tube 
is 459 ; find we have already found the vibrations of our 
1 Of -inch tube to be 717; hence 717 —459 = 258, which 
is the number corresponding to the resultant tone now 
audible. This note almost exactly that of one of our 
series of tuning-forks, whidh vibrates 256 times in a 
second. 

And now wti will avail ourselves of a very striking 
check which this result suggests to us. The well-known 
fork which vibrates at the rate just mentioned is here, 
mounted on its case, and I touch it with the bow so 
lightly that the sound alone could hardly be heard ; but 
it> instantly coalesces with the resultant tone, and the beats 
produced by their combination are clearly audjble. By 
loading the fork, and thus altering its pitch, or by draw- 
ing up the^ paper slider, and thus altering the 2 )itch of the 
flame, the rate of t^ese beats can be altered, exactly as 
when we coni})are ifw'o ^adniary tones together. By slightly 
varying the size of tin? flame the same eflect is ^^roduced. 
We cannot fail to observe how beautifully these ^results 
harmonise with each other.* , , 

Standing inidw;|.y between tlie syren and a shrill 
singing flame, and gracjually* raising the> 2 >il^h of the 
syren, the resultant tone soon makes /Iself heard, some- 
times swelling out with extraordinary jiow^ej*. When^ 
j)itch-j)ij)e is blowm near the flame, the reswiltant tone is 
also heard, seeming, in this case, to otiginate in the ear 
itself, or rather in the brain. ^ By gradually drawing out 
the stopper of the pi 2 )e, the pitch of l^he resultant tone 
is caused to ^ vary in accordance with the *law hlready 
enunciated. • , 

The resultant tones produced by the combination of 
c c 2 
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the orSinary harmonic intervals ' are given in the follow- 
ing table ; — 


lutovval « 

• 

llntin of 
vibnitions 

iSiffortMJco 

The rcxultnnt tone is 
deeiKir than the lowest 
primary tone by 

Octave 

1 : 2 

1 

0 

Fifth 

2 : 3 

1 

an octavo 

Fourth 

3:4^ 

1 

a twelfth 

Major thinl 

« 4 : r> 

f 

two octavos 

Minor third 

5:6®* 

1 

tw'o octaves and a 


t 


major third 

Major sixth 

3 : 5 

2 

a fifth 

Minor sixth 

5 : 8 

3 

iftajor sixtli 


Tlie celebrated Thomas Young thought that these 
resultant tones were due to the coalescence of rapid beats, 
which linked themselves together like the periodic im- 
pulses of fin ordinary musical note. This explanation 
harmonis^ed with the fact tliat the number of the beats, 
like that of the vibrations of the resultant tone, is equal 
to the difference between the two sets of vibrations. Tliis 
explanation, however, is insufficient. ^ The beats tell more 
forcibly upon tlie ear than any continuous sound. They 
can be plainly heard when each of tlie two sounds that 
producp them has ceased to be aucKble. ^ This depends in 
pirt upon tlie seyse ^of hearing, but it also depends upon 
the fact that when two notes of the *same intensity jwo- 
duce beats, the amplitude^of t^^e vibrating air-particles 
is at times destroyed, and at times dou1:)led. But by 
(fbubling tho amplitude we quadruple the intensity of the 
sound. Hence when two notes of the same intensity pro- 
duce beats, the souhd incessantly varies hetfveen silence 
and a tone of fowr times* the intensity of either of the 
Interfering ones. 

If, fJherefore, the resultant tones were due to the beats 
o^their primaries, tfeey ought to be heard, •'even when the 
* A subject to be dealt with in Lecture IX. 
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primaries are feeble. But they are not heard unddt these 
circumstances. When several sounds traverse the same 
air, each particular sound pisses through the air as if it 
alone were present, each particuhfr element of a composite 
sound asserting its own individuality. Now, this is in 
strictness true only when the amplitudes of the oscillating 
particles are infinitely small. Guided by pure reasoning, 
the mathematician arrives ax this result. The law is also 
practically true when the^. disturbances are extremely 
small ; but it is true aftfir they have passed a certain 
limit. Vibratimis which produce a large amount of dis- 
turbance give birth to secondary waves, which appeal to 
the ear as it?sultant tones. This has been proved liy 
Helmholtz, and having proved this, he inferred furtlier 
that there are also resulhmt tones formed by the sinn of 
the primaries, as well as by their difference. He thus 
discovered the sn^mmatimi tones before he had heard 
them ; and bringing his result to the test of experiment, 
he found that these tones had a real physical existence. 
They are not at all to be explained by Young’s theory. 

Another consei^uence of this departure from the law of 
super] )Osition is, that a single sounding body, which dis- 
turbs the air beyond the limits of the law of superpositicjn, 
also yiroduces secondary w^ves, wliic)i correspond to the 
harmonic ton^s of tjlie vibratirig bbdy. For example, the 
rate of vibration of the Kirst* overtone of^a tuning-fork, 
as stated in the fourth LeetAre, is times the late 
of the fundamental tone. Bujt Helmholtz^ shows that 
a tuning-fork, not excited by a bow, but vif}i)rously struck 
against a pad, emits the octave of it}> fimdameiital note, 
this octave being due to the s^condar\i waves sc^tu]) when 
the limits of the la^ of stiperpo^ition have been exceeded. 

These cor/siderations naikc it probably ev;ident to you 
that a coalescence of musical sounds is a far more cofn- 
plicated dynamical condition than you have hitherto sup- 
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loosed It to be. In the music of an orchestra, not only 
have we the fundamental tones of every pipe and of every 
string, but we have the overtones of each, sometimes 
audible as far as the sJscteenth iin the series. We have 
also resultant tones ; both difference tofies and summation 
tones ; all trembling through the same air, all knocking 
at the self-same tympanic membrane. We have funda- 
mental tone interfering^ with /undamental tone ; overtone 
with overtone ; resultant towi with resultant tone. And 
besides this, we have the meftibers of each class interfering 
with the members of every other class. Tlie imagination 
retires baffled from any attempt to realise the ])liysical 
condition of the atmosphere through wliich these sounds 
are pissing. And, as wo shall immediately learn, the 
aim of music, through the centuries during which it has 
ministered to the pleasure of man, has been to arrange 
matters empirically, so that the car shall not suffer from 
the discordance produced by this multitudinous interfer- 
ence. The musicians engaged in this work knew nothing 
of the iihysical facts and principles involved in their 
efforts ; they knew no more about it thfmthe inventors of 
gunpowder knew about the law of atomic proportions. 
They tried and tried till they obtained a satisfactory result ; 
and now, when the scientific mind is brouglitdo bear upon 
the subject, order is sebn rising through fiie confusion, 
and the result? of pure empiriMsm are found to be in 
harmony with ui^tural laW. • 
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SUMMARY OF LECTURE VIIL 

When several systems of waves proceeding from dis- 
tinct centres of disturbance pass tHrough water or air, the 
motion of every particle is5 the algebraic sum of the several 
motions impressed ui)on it. * 

In the case of water, when the crests of one system of 
waves coincide with the crests of another system, higher 
waves will be the result of the coalescence of the two 
systems. But when the crests of one system coincide 
with the sinuses, or furrows, of the other system, the two 
systems, in whole or in part, destroy each other. 

This coalescence and destruction of two systems of 
weaves is called interference. 

Similat remarks apply to sonorous waves. If in two 
systems of sonorpiJs waves condensation coincides with 
condensation, and rarefaction writh rarefaction, the sound 
produced by such coincidence is louder than that produced 
by either sy^tenl taken singly. But if the condensatiohs 
oF the one system coincide with* the rflrefactions of the 
other, a destruction, total or^ partial, of both systems is 
the consequence. * , 

Thus, when two organ -^)ipes of -the same pitch 
placed near each other on the same wind-che&t and thrown 
into vibration, they so influence each other, that as the 
air enters the embouchure of .the one it quits that of the 
other. At the moment, therefore, tlie one pipe produces 
a condensation, the otheij produces a rarefaction. The 
sounds of two,such pipes mutually destroy each other.^ 
When two musical sounds of nfearly the same pitch 
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are soninded together, the flow of the sound is disturbed by 

heats. 

These beats are due to the alternate coincidence and 
interference of the two»systemsjof sonorous waves. If the 
two sounds be ?)f the same intensity, their coincidence 
produces a sound of four -times the intensity of either ; 
while their opposition produces absolute silence. 

The effect, then, of two^sucli sounds, in combination, 
is a series of shocks, whicl\,we have called ‘ beats,’ sepa- 
rated from each other by a aeries of ‘ pauses.’ 

The rate at wliicli the beats succeed each other is 
equal to the difference between the two rates of vibration. 

When a bell or disc sounds, tlie vibrations on opposite 
sides of the same nodal line partially neutralise each 
other; when a tuning-fork sounds, the vibrations of its 
two prongs in part neutralise each other. By cutting off 
a portion of the vibrations in these cases the sound may 
be intensified. 

When a luminous beam, reflected on to a screen from 
two tuning-forks producing beats, is acted upon by the 
vibrations of both, the interinittence of the sound is an- 
nounced by the alternate lengthening and shortening of 
the band of light upon the screen. ^ 

Thd soundless zones obseiwed by G&eral Duane on 
the coasts of the Unit?ed States are showfl to be due to 
the mutual extinction, by interference, of the direct sound- 
waves, and the wqves reflected ^orii the surface of the 
sec.. , ^ 

The law of the superposition of vibrations alio ve enun- 
ciated is strictly h^e only when the amplitudes ani ex- 
ceedingly small. Vyiien the disturbance of the air by a 
sounding body is so violent that the law no longer holds 
good, sc^ondpy waves are formed, wdiich anrespond to 
tha^ harmonic tones ofHlie sounding body. . 

When two tones are rendered so intense as to exceed 
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the limits of the law of superposition, their secondary 
waves combine to produce resultant tones. 

Eesultant tones are of tivo kinds ; the one class cor- 
responding to rates of vibratioif equal to the difference 
of the rates of the two primaries ; the other class coiTe- 
spondiug to rates of vibration equal to the sum of the two 
primaries. The former are called difference todies, the 
latter summation tonfs. 
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LECTURE IX. 

COMBIXATrON OF MUSICAL SOUNDS— SMALLER THE TWO NUMBERS 

WHICH EXPRESS THE RATIO OF T|ft'IR RATES OF VIBRATION, THE MORE 

€ 

PERFECT IS THE HARMONY OF T^'O SOUNDS — NOTIONS OF THE PYTHA- 
GOREANS REOARDINO MUSCAT. CONSONANCE — EULEr’s THEORY OP CONSO- 

V 

NANCE — THEORY OP HELMHOLTZ — DISSONANCE DUE TO BEATS — INTERFER- 
ENCE OP PRIMARY TONES AND OF OVERTONES — MECHANISM OF HEARINfJ 
— SCHUI.TZk’s bristles - THE OTOLITHES — CORTl’s FI HUES — GRAPHIC RE- 
PRESENTATION OF CONSONANCE AND DISSONANCE — MUSICAL CHORDS — 
THE DIATONIC SCALE -OPTICAL ILI.USTRATION OF MUSICAL INTERVALS — 
I.ISSA,TOUS’ FIGURES— SYMPATHETIC VIBRATIONS — VARIOUS MODES OF 
ILLUSTRATING THE COMPOSITION OF VIHRATIONS. 


§ 1. Musical Gousonance. 

T he subject of this day’s Lecture has two sides, a 
physical, and a psychical, the rdhitionship , of which 
we have now to determine. We have to-day to examine 
musical sounds in definite combinjition with each other, 
and to ‘unfold the reason why some cfombjnations are 
pleasant and otheVs unpleasant to the ear. « 

Pythagoras made the fyst step towards the physical 
explanation of the musical intervals. Tlif s great philo- 
sopher stretched a string, and then divided it into three 
equal jiarts. * At one of its points of division he fixed it 
firmly, thus converjjing it into two, one of^ which was 
twice the length of the ^ther. He sounded the two 
sections of the striqg simultaneously, and found the note 
emitted^ by the short section 1;p be tte higher octave of 
tlmt emitted by the long one. He then divided his string 
into two parts, bearing to each other the proportion of 
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2 : 3, and found that the .notes were separated t)y an 
interval of a fifth. Thus, dividing his string at different 
points, Pythagoras found the so-called consonant intervals 
in music to correspond with cei^afti* lengths of his string ; 
and he made the Extremely important mscovery, that the 
simpler the ratio of the hvo parts into ivhich the string 
ivas divided^ the more perfect was the harmony of the 
two sounds. Pythagoras w^nt no furtlier than this, and 
it remained for tlie investigators of a subsequent age to 
sliow that the strings act fti tliis^way in virtue of the 
relation of tlirfr lengths to. the number of their vibra- 
tions. Why simplicity should give pleasure remained 
long an enigina, the only pretence of a solution being 
that of Euler, which, briefly expressed, is, that the human 
mind takes a constitutional delight in simple calculations. 

The double syren (fig. 178) enables us to obtain a great 
variety of combinations of musical sounds. And this 
instrument possesses over all others the advantage that, 
by simply^ counting the number of orifices corresponding 
respectively to any^two notes, we obtain immediately the 
ratio of tlieir rafes of vibration. Before i>roceeding to 
these combinations I will enter a little more fully into the 
action of the double syren than lias been hitherto deeinjed 
necessary or desirable. • ^ ^ 

The instfumen^t, as already {Jtated, consists of two of 
Dove’s syrens, c' and c^’conweeted by a ccynmon axis, the 
upper one b^ing turned upside dov;n^ Each syren is 
provided with four series* of „ apertures, numberinj^ as 


follows ; — 

t 

T'Plier syren.- 
Number of npt?i’tiir<s. 

. . . • 16 . 

• 

Lower syren. 

1st Scries 

Nnmber of upertnres. 

18 

2ncl Series 

. . . 15 . 

12 

3rd Series 

. . *12 

10‘ 

4th Series 

9 

. 8* 

The number 12, 

it will be observed, is 

common to both 
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syrens. I open the *two series of 12 orifices each, and 
urge air through the instrument ; both sounds flow to- 
gether in perfect unison ; the unison being maintained, 
liowever the pitch may be ex^ltfld. We have however, 
already learned (fiecturo II.) that by turning the handle 
of tlie upper syren, the orifices in its wind-chest c' are 
caused either to meet those of its rotating disc, or to re- 
Jjrcat from them, the pitch upper syren being 

thereby raised or lowered^ ^This change of pitch instantly 
announces itself by beats. The more rapidly the handle 
is turned, the more is the tone of the upper syren raised 
above or depressed below that of the lower one, and, as a 
consequence, the more rapid are the beats. 

Now, tlie rotation of the handle is so related to the 
rotation of the wind-chest c' that when the handle turns 
through half a right angle the wdnd-chest turns through 
^th of a right angle, or through tlie -^^^th of its whole cir- 
(iurriference. But in the tease now b'efore us, where the 
circle is perforated by 12 orifices, the rotation through 
-J^th of its circumference causes the apertures of the 
Upper wind-chest* to be closed at the precise moments 
when those of the low(‘r one are opened, and vice verm* 
It is plain, therefore, ^that the intervals lietw'een the judfs 
of the lowei' syren, wliiclf correspond to the rarefactions 
of its sonorous wa\;es, are here filled by the puffs, or con- 
densations, of the upper Syren. In fact, th/; condensations 
of the one cofticide with the rafefiicticw^ of the other, and 
the absolute extinction of t!ie sounds of both syrens is-the 
consequence. • 

I may seem to you to have exceeded the truth here ; 
for when the handle is placed* in the position which corre- 
sponds to absolute extinction„^ou still hear a. distinct 
sound. And, when the handle is turned ^continuously, 
though altenmte swellings and sinkings of the tone ooeur, 
the sinkings by no means amount to absolute silence. 
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The reason is this. The sound of the syren is a highly 
composite one. By the suddenness and violence of its 
shocks, not only does it produce waves corresponding to 
the number of its orifices, but the aerial disturbance 
breaks up into Secondary waves, whi<?h associate them- 
selves with the primary waves of the instrument, exactly 
as the harmonics of a string, or of an open organ-pipe, 
mix with their fundamental tone. When the syren 
sounds, therefore, it emits, brides the fundamental tone, 
its octave, its twelfth, its doitble octave, and so on. That 
is to say, it breaks the air up into vibrations which have 
twice, three times, four times, &c., the rapidity of the 
fundamental one. Now, by turning the* uppeT" syren 
through ^:fth of its circumference we 'oxting^uish utterly 
the fundamental tone. But we do not extinguish itg 
octave.^ Hence, when the handle is in the position yhicU* 
corresponds to the extinction of the fundamental 
instead of silence, we have the full first harmonic 6| the" 
instrument. * ' . « 

Helmholtz has surrounded both his upper and his lower 
syren with circular brass boxes, a, b', each composed 
two halves, wliich can be readily separated (one half of " 
each box is removed in the figure)^ These boxes exalt ^ 
by theii^ resonance the fundaiflental tone of* the instru- 
inent, and enable us to •follow its variation^ much more 
easily than if it were not thus reinforced. It requires a 
certain rai)idity of I’otatioit to reach the mflximum reso- 
nance of the brass boxes ; J)iitMien this speed is attained, 
the fundamental tone swells out with greatly augmented 
force, and, if the handle be then turned, the bouts succeed 
each other with ext^ordinaiy j)ower. 

• Still, .as already ataled^the pauses ^between the beats 
of the fundagaental tone are not intervals* of absolute 

indeed, any of t^ose tones whose rates of vfbration are even 
multiples of the rate of the fundamental. 
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silence, but are filled by the higher octave; and this 
renders caution necessary when the instrument is em- 
ployed to determine rates of vibration. It is not without 
reason that I say so. Wjshin^ t« determine the rate of 
vibration of a smaM singing flame, I onSb placed a syren 
at some distance from it, sounded the instrument, and 
after a little time observed the flame dancing in syn- 
chronism with audible beats.^ I took it for granted that 
unison was nearly attained, ^nd, under this assumption, 
determined the rate of vibration. The number obtained 
was surjjrisingly low — indeed, not more than half what 
it ought to be. What was the reason r Simply this ; 
I was -dfi^ng^ not ifrith the fundamental tone of the 
syl^y but with ite higher octave. This octave and the 
flame^tpjr^uced beats by their coalescence ; and hence the 
, ,;<50U,^r ^of-the instrument, w'hich recorded the rate, not of 
but of the fundamental, gave a number which 
onfy half the true one. The fundamontar tone was 
'^aftemards raised to unison with the flame. On approach- 
ing unisonlbeats were again heard, and the jumping of the 
f.- flame proceeded with an energy greater than that observed 
**in the case of the octave. .The counter of the instrument 
^\hen recorded the accu/ate rate of the flame’s vibration. 

The tones first heard ia the case of the syren nire’ al- 
ways overtoncss. These attain sonorous continuity sooner 
than the fundamental, flowing as smooth musical sounds 
while the fundamental tone is still in a^ state of interrait- 
tence. The syren is, howerer, so •delicately constructed 
that a rate of rotation which raises the fundamental tone 
above its feilows, is almost imimjdiajely attained. And 
ff we seek, by making the blast feeble,^ to keep the speed 
of rotation low, it is at the expevise o£ intensity. ^ Henc^ 
the desirability, if we wish to examine the overtpnes, of 
devising some .means by which a sitrong blast and sbw 
rotation shall be possible. ^ 
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H«lmholtz caused a spring to press as a light brake 
against the disc of the syren. Thus raising by slow de- 
grees the speed of rotation, he was able deliberately to 
notice the predominance of the ^vertones at the commence- 
ment, and the fiiftil triumph of the fundamental tone. He 
did not trust to the direct observation of jritch, but deter- 
mined the tone by the number of beats corresponding to 
one revolution of the handle of the upper syren. Suppos- 
ing 12 orifices to be opened ^igtbove ‘and 12 below, the mo- 
tion of the handle through 45° produces interference, and 
extinguishes the fundamental tone. Tha coincidences of 
that tone occur at the end of every rotation of 90°. Hence, 
for the fundamental tone, there mfist be four beats for 
every complete rotation of the handle. Now, Helmholtz, 
when he made the arrangement just described, found that 
the first beats numbered, not 4, but 12, for every revolu- 
tion. They were, in fact, the beats, not of the funda- 
mental tone, not even of the first overtone, but of the 
second overtone, whose rate of vibration is three times 
that of the fundamental. These beats continued as long 
as the number of air-shocks did not esceed 30 or 40 per 
second. When the shocks w^ere between 40 and 80 per 
second, the beats fell from 12 to 8 for every revolution of 
the' hafidle. Within this interval the first, overtone, or 
the octave of the* fundamental tone, was the most power- 
ful, and made the beats its ^wn.* No^ until the impulses 
exceeded 80 per ^second did the Seats sinkt to 4 per revo- 
lution. In other words, ^not^until the speed of rotation 
had passed ibis limit, was the fundamental tone able to 
assert its superiority over its companions. , 

This premised^ we will combine the tones in defi- 
nite or4er, while the cultivated ears here present shall 
judge of their musical relationship. The flow of i^erfect 
unison, when the two Series of 12 orifices eajch are opened, 
has been already h&rd. I now open a series of 8 holes 
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in the upper, and of 16 in the lower syren. The interval 
you judge at once to be an octave. If a series of 9 holes 
in the upper and of 18 holes in the lower syren be opened, 
the interval is still an octave. This proves that the inter- 
val is not disturbed by altering the absolute rates of vi- 
bration, so long as the ratio of the two rates remains the 
same. The same truth is more strikingly illustrated by 
commencing with a low speed of rotation, and urging the 
syren to its highest pitch ; ^s long as the orifices are in 
the ratio of 1 : 2, we relaiij the constant interval of an 
octave. Opening a series of 10 holes in the upper, and of 
15 in the lower syren, the ratio is as 2 : 3, and every mu- 
sician present knowS that this is the interval of a fifth. 
Opening 12 holes in the upper, and 18 in the lower syren, 
does not change the interval. Opening two series of 9 and 
12, or of 12 and 16, we obtain an interval of a fourth; 
the ratio in both these cases being as 3 : 4. In like 
manner two series of 8 and 10, or of 12 and 15, give us 
the interval of a major third ; the ratio in this case being 
as 4 : 5. Tinally, two series of 10 and 12, or of 15 and 18> 
yield the interva],()F a minor third, which corresponds to 
the ratio 5: 6. 

These experiments amply illustrate two things: — 
firstly, that, a mhsical intorval is determined, not by £he 
absolute number of vibrations of the two combining notes, 
but by the ratio o!" their vibrations. Secondly, and this 
is of the utmost significance, j that the smaller the two 
numbers which express the ratit) of the two rates of 
vibration, the more perfect is the consonance of the 
two sounds^ The most perfect coiifjonance is the unison 
1:1; next comes the octave 1:2;^ after that the fifth 
2:3; then the fourth 3:4; then the major third 4:5; 
and finally 4he minor tliird 5 : 6. We can ejso open 
two series numbering, respectively; 8 and 9 orifices : jthis 
interval corresponds to a tone in muWe. It is a dissonant 

D D 
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combioation. Two series which number respectively 15 
and 16 orifices make the interval of a semi-tone: it is a 
very sharp and grating dissonance. 

# 

• * * 

§ 2. The Theory of Musical Consonance. Pythagoras 

and Euler. 

Whence, then, does this arise ? Why should the 
smaller ratio express thfe more perfect consonance ? The 
ancients attemjyted to solve Viuestion. The Pythago- 
reans found intellectudl repose in the ans^^er > all is num- 
ber and harmony/ The numerical relations of the seven 
notps of the musical scale were also thought ty them to ex- 
press the distances of the planets from their central fire ; 
hence the choral dance of the )vorlds, the ‘ music of the 
spheres,’ which, according to Ins followers, Pythagoras 
alone was privileged to hear. And might we not in pass- 
ing contralst this exalted superstition with the grovelling 
delusions which liave taken hold of the fiintasy of our day ? 
Were the character which superstition assumes ifi different 
ages, an indication of man’s advance f^r^retrogression, as- 
suredly the nineteenth century would have no reason to 
plume itself, in comparison with the sixth, B.c. A more 
earnest attempt to account for* the more perfect conso- 
nance of the smafiler* radios was made by the celebrated 
mathematician, Euler, and^ hiq explanation, if such 
it could be called, long pilenced*, if it di(l not satisfy, 
inqijirers. Euler analyses the cause of pleasure. We 
take delight ‘ill order] it is pleasant to us to observe 
means ‘ co-operant to an end.’ But, then, the effort to 
discern order must not be sc^ great as to weary us. If the 
rdations to be disentangled are too complicated, though 
we may fee the order, we* cannot enjoy it. .The simpler 
the|,terms in which tha order expresses itself, the greater 
is our delight. Hedce, the superiority of the simpler 
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ratios in music over the more complex ones, Consogiance, 
then, according to Euler, was the satisfaction derived from 
the perception of order without weariness of mind. . 

But in this theory it was overlooked that Pythagoras 
himself,>who first experimented on these «nusical intervals, 
knew nothing about rates of vibration. It was forgotten, 
that the vast majority of those who take delight in music, 
and who have the sharpest ears for the detection of a dis- 
sonance, are in the Condition of Pythagoras, knowing 
nothing whatever about rates*,or ratios. And it may also 
be added that ^he scientific man, >^ho is fully informed 
upon these points, has his pleasure in no way enhanced 
by his knowledge. Euler’s explanation, therefore, dpes 
not satisfy the mind, and it was reserved for an eminent 
German investigator of qur own day, after a profound 
analysis of the entire question, to assign the physical 
cause of consonance and dissonance — a cause which, when 
once clearly stated, is so simple and satisfactory as to 
excite surprise that it remained so long without a dis- 
coverer. • 

Various expresjjidns employed in our previous Lectures 
have already, in part, forestalled Helmholtz’s explanation 
of consonance and dissonance. Let me here repeat an 
experiment which will, al^nost of itself, force this ex- 
planation upo^ your attention. IVefdre J^ou are two jets 
of burning gas, wlftch ciin be converted into singing 
flames by inclq^ing them withiq two tubes. The tubes 
are of the same length, and, the flames are now singijig 
in unison. By means of a telescopic slider* I lengthen 
slightly one of the tubes ; you hear beats, which succeed 
each other so slowly that they can readily .be counted. 
I augment still further the leijgth ^ the tube. The# 
beats are now, more* rapid than*before: they can^ barely 
be counted. It is perfectly manifest that tfie shocks pf 
which you are now sensible, differ only^in point of rapidity 
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from the slow beats which you heard a moment ago. 
There is no breach of continuity here. We begin 
slowly, we gradually increase the rapidity, until finally 
the succession of the# beats is so rapid as to produce 
that particular girating efrect which ewrery musician that 
hears it would call dissonance. I^et us now reverse the 
process, and pass from these quick beats to slow ones. 
The same continuity of the phenomenon is noticed. 
By degrees the beats feparale froih each ‘other more and 
more, until finally they ar^ sldw enough to be counted. 
Thus these singing flames enable us to/ollow the beats 
with certainty, until they cease to be beats, and are con- 
verted into dissonance. • , 

This experiment proves conclusively that dissonance 
may be produced by a rapid succession of beats ; and I 
imagine this cause of dissonance would have been pointed 
out earlier, had not men’s minds been thrown off the 
proper tr&ck by the theory of ‘ resultant tones ’ enunciated 
by Thomas Young. Young imagined that, when they 
were quick enough, the beats ran together tcf form a re- 
sultant tone. He imagined the linkvig together of the 
beats to be precisely analogous to the linking together of 
simple musical impulses ; and he was strengthened in this 
notion «by the fact already adi^erted to, ‘that, the first dif- 
ference tone — tKat is to say, the loudest resultant tone — 
corresponded, as the beats ^do, to a ra^te of vibration equal 
to the difference of the rates of •the two primaries. The 
fact, however, is, tlrat'the effect of beats upon tl\g ear is 
altogether different from that of the successive impulses 
of an ordinary musj[cal tone. 

§ 3 . '"Sympathetic Vibmtions. 

t 

^ But to ginsp, in all its fullness, the new theory of musi- 
cal consonance, somfe preliminary studies will be necessaryi 
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And here I would ask you to call to mind the experi- 
ments (in Lecture III.) by which the division of a string 
into its harmonic segments was illustrated. This was 
done Hjy means ijf littlfe paper rider% which were un- 
horsed, or not, according as they occupied a ventral seg-^ 
ment or a node upon the string. Before you at present 
is the sonometer, employed in the experiments just re- 
ferred to. Along' it, •instead of •one, are stretched two 
strings, about three indies ksunder. By means of a key 
these strings are brought into unisen. And now I place 
a little paper rider ujion the middle of one of them, and 
agitate the other. Ayhat occurs ? The vibrations of the 
sounding string are communicated to the bridges on 
which it rests, and through the bridges to the other string. 
The individual impulses are very feeble, but, because the 
two strings are in unison, the impulses can so accumulate 
as finally to toss the rider off the untouched stning. 

Every experiment executed with the riders and a 
single string, may be repeated with these two unisonant 
strings. Dampin^g^for instance, one of the strings, at a 
point one-fourth of its length from one of its ends, and 
placing the red and blue riders formerly employed, not on 
the nodes and yentrill segments of the dampe^ string, 
but at points upon the second-string^ exactly opposite 
to those nodes and seginents ; when the bow is passed 
across the shorter segment of the dam])ed 'String, the five 
red riders on the adjacent string s^re, ftnfiorsed, while the 
four fliue ones remain tranqii’iHy in theii> place.s. * By 
relaxing one of the strings, it is thrown* out of unison 
w'ith the other, and then all efforts td unhorse the riders 
are unavailing. That accumulation f)f impulses, whi(j^ 
unison alone rendeffi possible, cannot here take place, and 
the consequence is that, however great the agifation of 
the one string may be, it fails to produce any sensible 
effect upon the other, a 
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The influence of synchronism may be illustrated in a 
still more striking manner, by means of two tuning-forks 
which sound the same note. Two such forks mounted on 
their resonant sjipports ^re plkced i|pon the t^ble. I 
draw the bow vigorously across one of them, permitting 
the other fork to remain untouched. On stopping the 
agitated fork, the sound is enfeebled, but by no means 
quenched. Through the aif and through the wood the 
vibrations have been convey^ ihom fork to fork, and the 
untouched fork is the one you now hear. When, by means 
of a morsel of wax, a small coin is attached to one of the 
forks, its power of influencing the other ceases ; the change 
in the rate of vibration, if not very small, so destroys 
the sympathy between the two forks, as to render a re- 
sponse impossible. On removing the coin the untouched 
fork responds as before. 

This communication of vibrations through wood and 
air may be obtained when the forks, mounted on their 
cases, stand several feet apart. But the vibrations may 
also be communicated through the air alone. Holding 
the resonant case of a vigorously vibrating fork in my 
hand, I bring one of its prongs near an unvibrating one, 
placing Jihe prongs back to back, bdt allowing a space of 
air to exist between them. Light as is thf vehicle, the 
accumulation of impulses, secured by « the perfect unison 
of the two forkfe, enables the one io set the other in vibra- 

c- r 

tion. Extinguishihg tfee sound of the agitated fork, that 
which a moment ago Was silent continues sounding, 
having taken •up the vibrations of its neighbour. Ee- 
moving one of the* forks from its resonant case, and 
striking it againsf a pad, it is thrown into strong 
yibratiofl. Held free in the air, its ^ound is inaudible. 
But, on ^Dringing it clqse to the* silent mounted fork, out of 
the^ilence rises a fullfnellow sound, which is*due, not to the 
fork originalljr agitated, but to its sympathetic neighbour. 
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Various other examples of the influence of synchron- 
ism, already brought forward, will occur to you here ; and 
cases of the kind might be indefinitely multiplied. If 
two clocks, for e^mple,* with* penduli^s of the same 
period of vibration, be placed against the same wall, and 
if one of the clocks be set going and the other not, the 
ticks of the moving clock, transmitted through the wall, 
will act upon its neigjibouri quiescent pendulum 

moved by a single tick, ts\#4ngs through an extremely 
minute arc ; but it returns to the limit of its swing just 
in time to receive another impulse. By the continuance 
of this process, the ipipulses so add themselves together 
as finally to set the clock a-going. It is by this timing 
of impulses that a properly pitched voice can cause a 
glass to ring, aqd that the sound of an organ can break a 
particular window-pane. 

• 

§ 4. Sympathetic Vibration in relation to the Human 

• Ear. 

• 

If I dwell so tully upon this subject, it is for the pur- 
pose of rendering intelligible the manner in which sonor- 
ous motion is commiftiicated to the auditory nerve. Jn 
the organ oT hearing, in man, we.ha^e first of all the 
external ori^ce of . the ear, closeS at the bottom by the 
circular tympanic membrane? Behind that membrane is 
the drum of tlie ear, this cavity being* separated from the 
space between it and the brain by a bony partitiofl, in 
which there are two orifices, the one rounc^ and the other 
oval. The^e orifices are also closed^by fine membranes. 
Across the drum stretches a ^series of four little bones. 
The first, called the hammer, is attached to the tympanic 
membrane ; the second, odlled the anvil, isiconnhcted by 
a joint with hammer ; a third Jittle round bone ^on? 
nects the anvil with the stirrup bone, the base of which 
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is plaSited against the membrane of the oval orifice just 
referred to. This oval membrane is almost covered by 
the stirrup bone, a narrow rim only of the membrane 
surrounding the jDone Seing left uncoyred. Behind the 
bony partition, and between it and the brain, we ^ave the 
extraordinary organ called the labyrinth, filled with 
water, over the lining membrane of which are distributed 
the terminal fibres o^ the^auditpry nerve. When the 
tympanic membrane receivel^ ^ shock, it is transmitted 
through the series ot bones* above referred to, being con- 
centrated on the membrane against whicM the base of the 
stirrup bone is fixed. The membrane transfers the shock 
to the water of the labyrinth, which, in its ‘turn, transfers 
it to the nerves. 

The transmission, however,^ is not direct. At a cer- 
tain place within the labyrinth exceedingly fine elastic 
bristles, terminating in sharp points, grow up between 
the terminal nerve fibres. These bristles, discovered by 
Max Schultze, are eminently calculated to empathise 
with such vibrations of the water as ^porrespond to their 
proper periods. Thrown thus into vibration, the bristles 
stir the nerve fibres which lie between the roots of the 
bristles. At another place in the labyrinth we have little 
crystalline partic^f s qjilled otolithes — the Horsteine of the 
Germans — embedded among the nervqus filaments, which, 
when they vibrate, exert afi inf^pnittent pressure upon 
the adjacent nerve«fibres. * The otolithes probably serve a 
dififerent puQ)Ose from that of the bristles of Schultze. 
They are fitted, by their weight, to accept and prolong 
the vibrations of evamescent sounds, which might other- 
wise escape attenl4l>n^ whilb the bristles of Schultze, be- 
cause of "their extreme li^tness, would instantly yield up 
an evanescent motion. The bristles, on the other hand, 
are* eminently fitted JPor the transmission of continuous 
vibrations. 
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Finally, there is in the labyrinth an organ, disfeovered, 
by the Marchese Corti, which is to all appearance a musi*- 
pal instrument, with its chords so stretched as to accept 
vibrations of difl§||»nt periods^ aifd transmit them to the 
nerve filaments ^ich traverse the organ. Within the 
ears of men, and without their knowledge or contrivance, 
this lute of 3,000 strings has existed for ages, accepting 
the music of the out^r world an^ rendering it fit for re- 
ception by the brain. ‘ f!^h. musical tremor which falls 
upon this organ selects from the stretched fibres the one 
appropriate to ’its own pitch, and throws it into unisonant 
vibration. And thus, no matter how complicated the 
motion of the* external air may be, these microscopic strings 
can analyse it and reveal the constituents of which it is 
composed. Surely, inability to feel the stupendous 
wonder of what is here revealed would imply incomplete- 
ness of mind. ^ 

§ 5. Gomonant Intei^als in relation to the Human Ear. 

♦ 

This view of* the use of Corti’s fibres is theoretical ; 
but it comes to us commended by every appearance of 
truth. It will enable us to tie together many things, 

wdiose relations it would be otherwise difficult tb discern. 

• * 

When a musJical note is sounded* its corresponding Corti’s 
fibre resounds, being^nboved, as a string, is moved by a 
second unisoAant st|:ing. Andr wJien^t^o sounds coalesce 
to produce beats, the inteibnittenl motion ^is transferred 
to the proper fibre within the ear. But jiere it is to be 
noted, that for the same fibre to be affected simultaneously 
by two different sounds, it must n^^ be far removed in 
pitch from either <jf them. C^fll to •mind our repetitibn 
of Melde’s experiments (in Lecture III.). ^You i;hen had 
frequent occa^jion to notice, that even before perfect «yn- 

I According to KoIIiker, this is the number of fibres in Gorti’s organ. 
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chronism had been established between the string and the 
tuning-fork to which it was attached, the string began to 
respond to the fork. But you also noticed how rapidly 
the vibrating amplitude of the sfring increased, as it came 
close to perfect synchronism with the vibrating fork. On 
approaching unison the string would open out, say to an 
amplitude of an inch ; and then a slight tightening or 
slackening, as the casec might be, c would bring it up to 
unison, and cause it to open <Ait i3uddenly to an amplitude 
of six inches. c 

So also in reference to the experiment made a moment 
ago with the sonometer ; you notice^i that the unhorsing 
of the paper riders was preceded by a fluttering of the 
bits of paper ; showing that the sympathetic response of 
the second string had begun, though feebly, prior to per- 
fect synchronism. Instead of two strings, conceive three 
strings, alLnearly of the same pitch, to be stretched upon 
the sonometer ; and suppose the vibrating period of the 
middle string to lie midway between the periods of its 
two neighbours, being a little higher than the one and a 
little lower than the other. Each of the side strings, 
sounded singly, would cause the middle string to respond. 
Sounding the two side strings together they would pro- 
duce beats ; the •corresponding intermittence would be 
propagated to the central string, which would beat in 
synchronism with the beats *of its neighbours. In this 
way we make plain qur minds how a Corti’s fibre may, 
to some extent, take up the vibrations of a note, nearly, 
but not exactly, in unison with its own ; and that when 
two notes close to the pitch of the fibre act upon it 
together, their beat# are responded to by an intermitttot 
motion oh the part of the®fibre. Thi^ power of sympa- 
thetic vibration would^ fall rapidly on both sides of the 
perfect unison, so thak on increasing the interval between 
the two notes, a time would soon arrive when the same 
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fibre would refuse to be acted on simultaneously b^ both. 
Here the condition of the organ, necessary for the percep- 
tion of audible beats, would cease. 

In the middle region®of the piano^rte, with the in- 
terval of a semitone, the beats are sharp and distinct, 
falling indeed upon the ear as a grating dissonance. Ex- 
tending the interval to a whole tone, the beats become 
more rapid, but less , distinct. With the interval of a 
minor third between the t!wo notes, the beats in the 

II 

middle region of the scale cease to be sensible. But this 
smoothening of the sound is not wholly due to the 
augmented rapidity qf the beats. It is due in part to the 
fact, for whicli the foregoing considerations have prejiared 
us, that the two notes here sounded are too far removed 
from that of the intermediate Corti’s fibre to affect it 
powerfully. By ascending to the higher regions of the 
scale we can produce, with a narrower interval than the 
minor third, the same, or even a greater number of beats, 
which ar^ shaq^ly distinguishable because of the closeness 
of their componeii^ notes. In the very highest regions 
of the scale, however, the beats, when they become very 
raj^id, cease to appeal as roughness to the ear. 

Hence both the rapidity of the beats, and the width 
of the interval, enter into the questipn of consonance. 
Helmholtz judges that in the middle and higher regions 
of the musical scale, wjien the beats reach 33 per second, 
the dissonance reaches its maximuint ^ Both slower and 
quicker beats have a less gi»ating or dissonant effect. 
When the beats are very slow, they may be of advantage 
to the music ; and when they reach ^32 per second, their 
roughness is no longer discernible. » 

Thanks to Helmholtz, whose vie^s I have here souglit 
to express in the briefest possible language,»we ate nowin 
a condition to grapple with the quf^tion of musical inter- 
vals, and to give the reason why some are consonant and 
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some dissonant to the ear. Circumstanced as we are upon 
earth, all our feelings and emotions, from the lowest sensa- 
tion to the highest aesthetic consciousness, have a me- 
chanical cause : ttiougtf itimay he for ever denied to us to 
take the step from cause to effect ; or to understand why 
the agitations of nervous matter can awaken the delights 
which music imparts. Take, then, the case of a violin. 
The fundamental tone every string of this instrument 
is demonstrably accompanieckby^a crowd of overtones; so 
that when two violins, are sounded, we have not only to 
take into account the consonance, of dissonance, of the 
fundamental tones, but also those of the higher tones of 
both. Supposing two strings sounded whos*e fundamental 
tones, and all of whose partial tones, coincide, we have then 
absolute unison; and this we* actually have when the 
ratio of vibration is 1 : 1. So also when the ratio of 
vibration ij? accurately 1 : 2, each overtone of the funda^ 
mental finds itself in absolute coincidence with either 
the fundamental tone or some higher tone of tjie octave. 
There is no room for beats or dissonance. When we exa- 
mine the interval of a fifth, with a ratio of 2 : 3, we find 
the coincidence of the partial tones of the two strings 
so .perfect as almost, though not wholly, to exclude every 
trace of dissonance.*- Passing on to the other intervals, w’e 
find the coincidence of Ihe partial toues less perfect, as 
the numbers expressing the A.tio ^f l^ke vibrations become 
larger. Thus the • dissonance of intervals whose rates 
of vibration gan only be expressed by large numbers, is 
not to be ascribed to any mystic quality of the numbers 
themselves ; but to ttie fact, that the fundamental tones 
which require such ©umbers are inexorably accompanied 
by partial tones whofee co&lescence produces beats, these 
producing the^grating effect kn6wn as dissonance. 
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§ 6. Graphic Representation of Consonance and 
Dissonance. 

Helmholtz has attempted to repieseut this result 
graphically, and from his work I copy, with some modi- 
fication, the next two diagrams. He assumes, as already 
stated, the maximum dissonance to correspond to 33 beats 
per second ; and he sdeks to expl*ess different degrees of 
dissonance by lines of dfffericnt lengths. The horizontal 
line & c", fig. 179, re 2 )resents a range of the musical scale 
in which c" is our middle c, with 528 vibrations, and c' 
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the lower octave of c". The distance from any point of 
this line tQ the curve abDve it rei)resents the dissonance 
corresponding to that point. The *j)it(?h here is sujxposed 
to ascend continuously, and jiot by juinj)s. Sup 2 )osing, for 
examj)le, twQ performers on tjbe violin to start with the 
same note c\ and that, wliile one 'of them continues to 
sound .that note, the other gradually and continuously 
shortens hjs string, thus gradually raising its j)itch uj) to 
the octave c". The effect u^ion the ear would be repre^ 
sented by the irregfular curved ^line ip fig. 179. Soon after 
the unison^ which is repjresenJed by contact at^ c', is de- 
parted from,, the curve suddenly rises, showing the disso- 
nance here to be the . sharpest of all. At c', the curve 
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approaches the straight line (/ c", and this point corre- 
sponds to the major third. At f the approach is still 
nearer, and this point corresponds to the fourth. At g' 
the curve almost touchei^i the straight line, indicating that 
at this point, which corresponds to the fifth, thcb disso- 
nance almost vanishes. At a' we have the major sixth ; 
while at c", where the one note is an octave above the 
other, the dissonance entirely vanishes. The e «' and the 
a s', of this diagram, are‘*the (jermah names of a flat third 
anda flat sixth. / ‘ 

Maintaining the same fundamental not^ c', and passing 
through the octave above c", the various degrees of conso- 

c 

Fig. 180 . 



nance and dissonance are those shown in fig. 1 80 . That is to 
sayj beginning with the octave q' — and gradually ele- 
vating the pitch of^one' of, the strings, till it reaches c'", the 
octave of c", the curved line reprej^ents the effect upon the 
ear. We see, from both thege curves, that dissonance is the 
general rule, and ftiat only at pertain definite points does 
the dissonance^ vanish, oi; become so decidedly enfeebled 
as not to destroy the harmony. These points correspond 
to the places where the nuinb|?rs expressing the ratio of the 
tw^ rates of vibration* are sgaall whole numbers. It must 
ne remembered that the^e curves are constructed on 
the suppositioh that the beats are the cause of the 
dissonance ; and the a^eement between calculation and 
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experience sufficiently demonstrates the truth of the 
assumption. ‘ 

You have thus accompanied me to the verge of the 
Physical portion.of the science of Acjoustics^and through the 
SBSthetig portion I Jiave n^t thef knowledge of music neces- 
sary to lead you. I will only add, that in comparing three 
or more sounds together — that is to say, in choosing them 
for chords --vfe are guided by the principles just mentioned. 
We choose sounds which are*in h^mony with the funda- 
mental sound and with eateh ^ther. In choosing a series of 
sounds for combination two by two, the simplicity alone of 
the ratios would lead us to fix on those expressed by the 
numbers 1 , these being the simj^lest ratios that 

we can have within an octave. But when the notes repre- 
sented by these ratios are sounded in succession, it is 
found that the intervals between 1 and f , and between f 
and 2, are wider than the others, and require the inter- 
polation of a note in each case. The notes chos€«i are such 
as form chords, not with the fundamental tone, but with 
the note ^•regarded as a fundamental tone. The ratios of 
these two notes witli the fundamental are § and In- 
terpolating these, we have the eight notes of tlie natural 
or diatonic scale, expressed by the following names and 
ratios : — ^ . * , , * 

Name*. C. D. E. E. • 0. V B. C. 

Intervals Isf. 2nd., 8rd. 4tli. 5th. 6th. 7th. 8th. 

Rntes of vibration. 1, S» • * I* S* * V’’ 

* * • • 

Multiplying these ratios^ by 24; tO avoid fractions^ we 

obtain the following series of whole numbers, which ex- 
press the relative rates of vibration pf the notes of the 
diatonic scale : — 

24 , 27% 30 , 32 , 36 ,* 40 , 4 * 5 , 48 . 

• • 

• Considoringf .the above curve to repre^bnt a mountain chain, Mr. 
Sedtey Taylor callsithe discords and the^oncords passes 
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The meaning of the terms third, fourth, fifth, &c., 
which we have so often applied to the musical intervals, 
is now aj^rent ; the term has reference to the position 
of the note in the scal% 

' c 

§ 7. Composition of Vibrations. 

• 

In our second Lecture I referred to, and in part illus- 
trated, a method devised Ifjr M.*Lissajous for studying 
musical vibrations. By means 6f a beam of light reflected 
from a mirror attached to a tuning-forj^, the fork was 
made to write the story of its own motion. In our last 
Lecture the same method was employed to .illustrate opti- 
cally the phenomenon of beats. I now propose to apply 
it to the study of the composition of the vibrations whicli 
constitute the principal intervals of the diatonic scale. 
We must, however, prepare ourselves for the thorough 
comprehension of this subject by a brief preliminary 
examination of the vibrations of a common pendulum. 

Such a pendulum hangs before you. It ctosists of a 
wire carefully fastened to a plate of iit>n at the roof of the 
liouse, and bearing a copper ball weighing 10 lbs. I draw 
the pendulum aside and let it go ; it oscillates to and fro 
almost in the same plane. ^ 

I say ‘almost^’ bteipse it is j^ractically^ impossible to 
suspend a pendulum without some little departure from 
I>erfect symmetry arouncj its point of attachment. In 
consequence of this, tiie weight deviates sooner or later 
from a straight line, apd describes an oval more or less 
elongated, ^ome years ago this circumstance presented 
a serious difficulty to thosq, who wished to repeat M. Fou- 
cault’s celebrated Ixperipient, demonstrating the rotation 
of the earth. ^ 

4. « r. t 

^ Nevertheless, in the case now before us, the pendulum 
is so carefully suspended, that its deviation from a 
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straight line is not at first perceptible. Let us sbppose^ 
the amplitude of its oscillation to be represented by the 
dotted line a h, fig. 181. The point dj midw&y between 
a and 6, is the pendulum’s poLntf of rest* When drawn 

Tfl i«, ^ Fio. 18 V 

J.I0.181. ^ ^ 

^ will return to d, and j 

0 in .virtue of its mo- I 

mentunf«will pass on I 

* to a. Tliere it ^omes 

momentarily to rest, 
and returns through I 

d to b. And thus it 
will continue to oscillate until its motion 
is expended. * 

The pendulum having first reached 
the limit of its swing at 6, let us sup- ^ 
pose a push in a direction perpendicular 
to a b imparted to it ; that is to say, in 
the direction 6 c.. Supposing the time 
required by the pendulum to swing from 
b to a to be one second,' then the time 
required to swinjg from 6 to d will be half j 

a second. "Suppose, further^ the.forpe 

applied at 6* to hfi such as would carry ^ ) 

the bob, if free to mov^*in Chat direction • ^ 

alone, to c in*half a second, add thab the distance 6 c is 
equal to 6 d, the question £hen» occurs wher§ will the. bob 
really find itself at the end of half a second ? It is per- 
fectly manifest that both forces are^atlsfied by the pen- 
dulum reaching the point c, exactly opposite the centre d, 
in half a second. • To reach ttis pcfint it can be sho^m 

' This supposition is of course made for the sake of simplicity, th^real 
period of oscillation of a pendulum 28 feet Ising being between two and 
three seconds. 
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that il^ must describe the circular arc h e, and it will 
pursue its way along the continuation of the same arc, 
to a, and then pass round to 5. Thus^ by the rectangular 
impulse the rectilinear* oscillation is converted into a 
rotation, the pendulum describing a Srcle, as sUbwn in 

fig. 182. 

If the force applied at 6 be sufficient to urge the 
weight in half a seconcj through ^ greater distance than 
b c, the pendulum will descr^^e ^an ellipse, with the line 
a b for its smaller a^icis; ifj on the contmry, the force 
applied at b urge the j^endulum in half a Second through 
a distance less than b c, the weight will describe an 
ellipse, with the line d b for its greater axisf 


Fig. 183 . Fig. 184 . 



Let US now inquire what occurs when the rectangular 
impulse is applied at the moment the ball is passing 
through^its position of rest at . 

Supposing the pendulum to be moving from a to 6, 
fig. 183, and that at d a shock iS imparted to it sufficient 
of itself to carry it ^n halfia second to c ; iipis here mani- 
festcthat the resultant lyotidu will be along the straight 
line d g lying .between ‘d h and d c. The pendulum will 
return along this line to d, and pass on ta h. In this 
case, therefore, the pendulum will describe a straight 
ifde, g A, oblique to its o^ginal direc^on of oscillation. 

Supposing the direction of motion, at the moment the 
push is applied, to be* from 6 to a, instead of from a to 6, 
it is manifest that the resultant here will also be a straight 
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line obKque to the primitive direction of oscillatiorf; but . 
its obliquity will be that shown in fig. 184. 

When the impulse is imparted to the pendulum nei- 
ther at the centre nor at the .liiftit of its swing, but at 
«ome pcfint between both, we obtain neither a circle nor a 
•straight line, but something between both. We have, in 
fact, a more or less elongated ellipse with its axis oblique 
to a 6, the original djrectioji of vibration. If, for ex- 
ample, the impulse be irapafted at d\ fig. 185, while the 
pendulum is mcjving towards the position of the ellipse 
will be that shbwn in fig. 185 ; but if the push at df be 
given when the motion is towards a, then the position of 
the ellipse will be that represented in fig. 186. 

Fi«. 185. Fio. 186. 



By the method of M. Lissajous we can combine the 
rectangular vibration® of two tuning-forks — a subjcact 
which I now wisli to illustrate befqre you, In^ front of 
an electric lafiap, L, JSg. 187, is iil^ced a large tuning-fork, 
t', fixed ' in a stand honzoAtally, and provided with a 
mirror, on which a narrow behm of »light, L t', is per- 
mitted to fall. The beam ^s thrown back, Jjy reflection. 
In the path of the reflected beam is placed a second up- 
right tuning-fork, t, also furnished ^ith a mirror. By 
the horizontal fork, when it vibrates, the beam is tilted 
laterally ; by the \^rtical fork,? vertically. At the pre- 
sent moment both forks aiC motionless, the beanj^of light 
being reflected from the mirror of Jhe horizontal to fliat 
of the vertical fork, and from the latter to the screen, on 

E E 2 
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whichfit prints a brilliant disc. I now agitate the u|k 
right fork, leaving the other motionless. The disc i» 
drawn out into a fine luminous band, 3 feet long. On 
sounding the second fbrkt the straight band is instantly 
transformed into^a white ring op, 187, inches 
in diameter. What have we done here ? Exactly what 
we did in our*first experiment with the pendulum. We 


Fio.£87. 
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have caused a*beairi of lighf to wbrate simultaneously in 
two^directions, an(f Jiaire acc^entally hit upon the pjiase 
when one fork has just /e’ached the limit of its swing, and 
come momeniarily to rest, while the beam is receiving 
the maximum impulse froqi the other fork. 

% That the circll was .obtained is, as stated, a mere 
accident; but it was a fbrtunate accident, as it enables 

# 4 * 

US Jto see the^ exact similarity between the motion of the 
beam and that of the pendulum. I stop both forks, and 
agitating th^m afresh, obtain an ellipse with its axis 
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oblique. After a few trials we obtain the straigl^ line, 
indicating that both the forks then pass simultaneously 
through their positions of equilibrium. In this way, by 
<^mbining the vibrations^ of the two forks, we reproduce 
all the figures obt^ed with the pendulflm. 

When the vibrations of the two forks are, in all 
respects, absolutely alike, whatever the flj§fure may be 
which is first traced upon^ the ^screen, it remains un- 
changed in form, dimmishiiig only in size as the motion 
is expended. But the ^lightest difference in the rates of 
vibration destroys this fixity of the image. I endeavoured 
before the lecture to render the unison between these two 
forks as perfect as possible, and hence you have observed 
very little alteration in the shape of the figure. But by 
moving a small weight along the prong of either fork, or 
by attaching to either of them a bit of wax, the unison is 
impaired. The figure then obtained by the combination 
of both passes slowly from a straight line into^an oblique 
ellipse, thence into a circle ; after which it narrows again 
to an ellipse with an opposed obliquity ; it then passes 
again into a str^n^t line, the direction of which is at 
right angles to the first direction. Finally it pisses, in 
the reverse order, through the same series of figures to 
the straight line with which we began. The* interval 
between two •successive identical figures is the time in 
which one of the forks •succeeds in executing one com- 
plete vibration more than the mother. , t<pading the fork 
^tiir more heavily, we hate mo/e "rapid changes;* the 
straight line, ellipse, and circle being passed through in 
quick succession. At times the lumjnous curve exhibits 
a stereoscopic depth, which raiders it^ difficult to believe 
that we are not Iqoking at a; solid# ring of \j(hite-h8t 
metal. 

By causing the mirror of the fofk, T, to rotate through 
a small arc, the steady circle first oTitained is drawn out 
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into luminous scroll stretching right across the screeny 
fig. lo8. The same experiment made with the changing 

Fia. 188. ^ 



figure, obtained by throwing the forks out of unison, gives 
us a scroll of periodical^ varj^ing a^nplitude, fig. 189.^ 

r* t 


Fi^. 180 . • 



We have next to combine the vibrations of two forks 
one of which oscillates with twice the rapidity of the 
other; in other words, to determine the figure corresponding 
to the combination of a note and its octave. To prepare 
ourselves for the mechanics of the problem, we must 
resort once more to our pendulum; for it a^po can be 
caused to oscillate in one direction tyice as rapidly as in 
another. By a complicated mechanical* arrangement this 
might be done in a very perfect manner, but at present 
simplicity is preferable to completeness. The wire of our 
pendulufti is therefore permitted to descend from its 
point of suspension. A,* fig. 190, mifiway 'between two 
horizontal glas^^ rods, a 6, a' *6', Supported firmly at their 
ends, and about can inch* asunder. The i*ods cross the 
wire, at a height of T feet^abofe the bob of the pendulum. 
The whole length of fSie pendulum being 28 feet, the 
glass rods intercepttone-fourth of this lengtfr. On draw- 
ing the pendulum ^side iif the direction of the rods, a by 
(f b\ and letting it go, it^scillates freely between them. 

> This* figuret corresponds to the interval 15 : 16. For it and some 
othcfe^ figures, I am indobtecf to that excellent mechanician, M. Konig of 
Paris. * 
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I bring it to rest and draw it aside in a direction perpend 
dicular to the last ; a length of 7 feet only can now oscil* 
late, and by the laws of oscillation 
a pendulum 7 fe|b lon^ \dbrat^s 
with twice the rapidity of a* pen- 
dulum 28 feet long. 

I wish to show you the figure 
described by the combination of 
these two rates of vibration. -At- 
tached to tlie^copper^ball, is a 
camel’s hair pencil, intended to rub 
lightly upon a glass plate placed on 
black paper, « and cfver which i^ 
strewn white sand. Allowing the 
pendulum to oscillate a§ a whole, 
the sand is rubbed away along a 
straight line which represents the 
amplitude of the vibration. Let 
a 6, fig. 191, represent this line, 
which, as* before, we will assume to 
be described in onfe second. When 
the pendulum is at the limit, 6, of 
its swing, let a rectangular imimlse 
be imparte/i to*it su&cient to carry 
it to c in one-fourth of a second* * If ^^his were the only 
impulsa acting on* the pendulum, the bob would reach c 
and return to h in half a s(;cond. * Fig. 191. 

But under the actual circumstaneesi 
dt is also urged towards d, wh^ch 
point, thrqpgh the vibration of the 
whole pendulum, it ought ^Iso to 
reach in half a second. Both vibra- J 
tions, therafore, require ^hat the bob shall reach d at the- 
same momept ; and to do this it will have*to describe the 
curve h d d. Again, ip the time rBquired by the long pen-i 
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dulum to pass from (2 to a, the short pendulum will pass 
to over the half of its excursion ; both vibrations 

must therefore rea6b a at the same moment, and to 
accomplish this the pe^idulum desc:B|^s the lower curve 
between d and a.« It is manifest thaS these two# curves 


will repeat themselves at the opposite sides of a 6, the com- 
bination of both vibrations producing finally a figure of 8, 
which you now see fairly drawn upon the sand before you. 

The same figure is oBtained if ttfe rectangular impulse 
be imparted when the pendufim* is^passing its position of 
rest, d. * o 

I have here supposed the time occupied by the pen- 
dulum in describing tjie line a 6 to be one second. Let 
us suppose three-fourths of the second exhausted, and 
the pendulum at d\ fig. 192, in, its excursion towards h ; 
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let the rectangular impulse then be 
imparted to it, sufficient to carry it to 
c in one- fourth of a second. Now the 
long pendulum requires that it should 
move from c2' to b in one-fofirth of a 
second; both impuisfs are therefore 
satisfied by the pendulum taking up 


the position cf at the end of a quarter of a second. To 
reach thi^^ position it must describe the eurvf d' c'. It 


will mamfestly rettim* alpng the same curvej, and at the 


end of another quarter of a second fincf itself agam at d\ 
From d' d tKe long pei^ulumVeqpires, a, quarter of a 
second. But at the end* of thisttime the short pendulum 
must 1E)e at the lower limit of its swing : both require- 
ments are satisfied by the pendulum being p,t e. We 
thus obtain one arm, d 6, of ^ cu^e which repeats itself 


to Jihe left of e\ so^^that^the entire curve, due to the 
combination of the two vibfatioqs, is that represented in 
fig. 180. This* figure ista parabola, whereas the figure of 
8 before obtained is a 16mniscata. 
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VV7e have here Supposed that at the moment when 
the rectangular impulse was applied, the motion of the 
pendulum was towards hi if it were" 1?,^ 193 
towards a, we sha||^ ob^in the* in- 
verted parabola, a^shown in ffg. 193. • 

Supposing, finally, the impulse to ^ 
be applied, not when the pendulum is 
passing through its position of equi- 
librium, nor when it is*passijpgapoint 
corresponding to threq^-fouiilis or one-fourth of the time 
of its excursion^ but at some other point in the line, a 6, 
between its end and centre. Under these circumstances 
we should have neitSier the parabola nor the perfectly 
symmetrical figure of 8, but a distorted 8. 

And now we are prepared to witness with profit the 
combined vibration of our two tuning-forks, one of which 
sounds the octave of the other. Permitting the vertical 
fork, T, fig. 187, to remain undisturbed in fibnt of the 
lamp, we can oppose to it a horizontal fork, which 
vibrates with twice tlie rapidity. The first passage of 
the bow across the two forks reveals the exact simi- 
larity of this combination and that of our pendulum. A 
very perfect figure of 8 is described upon*tl»e screen. 
Before the lectifre the vibrations of these two forks w8re 
fixed as nearly as possible ter the fatief of 1 : 2, Sttid the 
steadiness of the tgure» indicates the perfection of the 
tuning. Stopping^ljlotB forks,,and again agitating them, 
we* have the distorted 8 upon the screen. A few Jarials 
enable me to bring out the parabola. Ih all fliese cases the 
figure remains fixed upon the screen^ But if a morsel of 
wax be attached to one ,of the forks^ the figure is steady 
no longer, but passes from the ^rfect 8 into the ^distorted 
one, thence* into the pambola, from which it a|berward8 
opein out to* an 8 once more. By augmenting the^dis- 
cord, we can render those changes fl.s rapid as we please. 
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Our next combination will be that of two forks vibrat- 
ing in Ihe ratio of 2 : 3. Observe the admirable steadi- 
ness of the figure produced by the compounding of these 
two rates of vibration. oOn attaching^ a fourpennyrpiece 
with wax to one cof the forks tlie steadiness ceases, and 
we have an*apparent rocking to and fro of the luminous 
figure. PaSsixg on to intervals of 3 : 4, 4 : 5, and 5 : 6, 
the figures become more intricate as we proceed. The last 
combination, 6 : 6, is so entingled; that to see the figure 
plainly a very narrow band <pf iig^ht must* be employed* 
The distance existing' between the forks i^nd the screen 
also helps us to unravel the complication. 

When the figure is fully developed, the loops along 
the vertical and horizontal edges express the ratio of the 
combined vibrations. In the octave, for example, we have 
two loops in one direction, and one in another ; in the fifth, 
two loops in one direction, and three in another. When 
the combhidtion is as 1 : 3, the luminous loops are also as 
1 : 3. The changes which some of these figures undergo, 
when the tuning is not perfect, are extremely reinarkable. 
In the case of 1 : 3, for example, it i^’ difficult at times 
not to believe that you are looking at a solid link of 
white-hot metal. The figure exhibits a depth, apparently 
indfompatible with its being traeed upon a* plane surface. 

Fig#i»195 is a diagtapi ©f these beautiful figures, in 
eluding combinations from \ : L to 5“: 6. In each case 
the characteristic phases of the vibration are shown ; and 
through all of these each figure passes when the interval 

' u t « t; 

cFig. 194. 



between the hvo forks* is not pure. I alsocadd her^., fig. 
194, two phases of thd* combination 8:9. 
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To' l^ese illustrations of rectangular vibrations I add 
two others, figs. 196 and 197, from a Very beautiful series 
obtained by Mr. Hubert Airy with a compound pendulum. 
The e^qieriments are dcftcr^d in ‘Nature’ for August 
17 and SeptembA 7, 1871. As their foops indicttte, the 
^gures axe those of an octave, and a twelfth. 

But the mc!&t instructive apparatus for the compoundr 
ing of rectangular vibratjons, js that of Mr. Tisley. Figs. 
198 and 199 are copies of figures pbtained by him through 
the joint action of two^distindt pendulum^; the rates of 
vibration corresponding to these particulaf figures being 
2 : 3 and 3 : 4 respectively. The pen which traces the 
figures is moved simuftaneously by ^wo rod# attached to 
the pendulums above their places of suspension. These 
two rods lie in the two planes of vibration, being at right 
^angles to the pendulums, and to each other. At their 
place of intersection is the pen. By means of a ball and 
.aocket, of a special kind, the rods are enabled to move 
with a minimum of friction in all directions, yhile the 
rates of vibration are altered, in a moment, by the shift- 
ing of movable weights. The figures &re drawn either 
with ink on paper, or, when i:)rojection on a screen is 
desired, by a ^sharp point on smoked glass. When the 
pen^ulumff; having ^one througlf the entire figure, return 
to theii^tarting-point, thfey have lost ^ littlfe in ampli- 
tude. The secqpd excursion twill^ therefore, be Smaller 
than the first, and the third smaller than 'the second. 
HencOr the series of* fin^ lifies, enclosing gradually 
diminishing areas, shown *in these exquisite figures.^ Mr. 
Tisley’s apparatus reflets the highest credit upon its able 
constructor. ^ • 

^ir Charles Wheatston^ devised, n^ny years ago, a 
small ani very^ efficient apparatus for the cofnpounding 

some beautiful figure^ of this description I am indebted t(^fro> 
fessor Lynam of Yale College. » 
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of rectangular vibrations. A drawing, fig. 2(KA and a 
description of this beautiful little instrument, for Doth of 
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wb^h I am indebted to its eminent inventor, iday find a 
place here, a is a steel rod polished at its upper elid so 
as to reflect a point of light; this rod moves in a ball 
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and socket joint at 6, so that it may assume any position. 
Its lower end is connected with two arms c and ci, placed 
at right atigles to each other, the other, ends of which 
are respectively attached to the circumferences of the two 
circular discs e at!d /. The axis of thfe disc e carries at 

its opposite end another larger disc ff, which gives motion 

* • 

Frn. 200 . 



to the small tiisc h, placed on the ays which carries the 
disc/; and, according as this simll disc A Is'placed nearer 
to or faiiflEier from tte centre 6f the disc it cosnmunicates 
a different relative motion to^the* disc /. The nut and 
screw i enable thp disc A .to be placed in any position 
between the centre and clrcumfa~ence of the larger disc p ; 
and by means the forfcy the disc/ is caused to revolve, 
whatever ipay be thg position of the disc A« By this 
arrangement, while the wheel k is turned regularly, the 
ro<>a is n^oved backwards and forward^ by the disc e in 
one direqjbion and by the disc /, with any relative oscil- 
latory motion, in the rectangular direction. • The er^JE*' of 
the rod is thus made to describe and to exhibit optically 
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all the beautiful acoustical figures produced by tl^ com- 
position of vibrations of different periods in directions 
rectangular to each other. A lever Z, bearing against the 
nut i, indicates on a scale j tjfie •numerical ratio of the 
two vibrations.* * * ^ 

I close these remarks on the combination of rect- 
angular vibrations with a brief reference to an apparatus 
constructed by Mr. A. E.^Donjiin, of Exeter College, 
Oxford, and described in, tbg ‘ Proceedings of the Eoyal 
Society,’ vol. txii. p.« 196.* In construction great 
mechanical krfowledge is associated with consummate 
skill. I saw the aj)jparatus as a wooden model, before 
it quitted thfe hands of its invenfor, and was charmed 
with its performance. It is now constructed by Messrs. 
Tisley and Spiller. 

* Mr. Sang, of Edinburgh, was, I believe, tlie first to treat this subject 
analytically. 
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•SUMMARY OF LECTURE IX. 

By the division of a string Pythagoras determined 
the consonant intervals in music, proving that the simpler 
the ratio of the two parts intOr\vh£ch the string was divided, 
the more perfect ;is the harmony t)f the bounds emitted 
by tlie two parts of tlie string. Subsequeit investigators 
showed that the strings act thus because of the relation of 
their lengths to their rates of vibration. 

With the double syren this law of consonance is readily 
illustrated. Here the most perfebt harmony is the unison, 
where the vibrations are in the ratio of 1 : 1. Next comes 
the octavej^ where the vibrations are in the ratio of 1 : 2. 
Afterwards follow in succession the fifth, with a ratio of 
2:3; the fourth, with a ratio of 3 : 4 ; the mgjor third, 
with a ratio of 4 : 5 ; and the minor tljLrd, with a ratio of 
5 : 6. The interval of a tone, represented by the ratio 
8 : 9, is dissonant, while that of a semi-tone, with a ratio 
of 15 : 16, is a harsh and grating dissonance. 

Th^jnusical i{iteryal is ^independent of the absolute 
number of the vibrations of the two notes, depending only 
on the ratio of the two rates fff vi|pration. 

The Pythagoreans refefred the pleasing •effect of the 
consofiant intervals^ to number and harmony, and con- 
nected them with ‘ the music of the sphere^.’ Euler ex- 
plained the consonant interval by reference tofthe consti- 
tution of the mind,<which, he affirmed, took pleasure in 
simple calculations. * TheS mind was fond of order, but 
of such drder as involved no wdariness in its* contempla- 
tion.* This pleasure wjts afforded by the simpler rat&s in 
the case of music. 
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The researches of Helmholtz prove the rapid succes- 
sion of beats to be the real cause of dissonance in music. 

By means of two singing flames, the pitch of one of 
them being changeable by the telescopic lengthening of 
its tube, beats oS any degree of slowness or rapidity 
may be produced. Commencing with beats slow enough 
to be counted, and gradually increasing their rapidity, we 

reach, without breach of continuity, downright disso- 

» » • 

nance. 

But to grasp this jbheory in all its r completeness, we 
must refer to the constitution of the human ear. We 
have first the tympanic membrane, which is the anterior 
boundary of ithe drtim of the ear. Across the drum 
stretches a series of little bones, called respectively the 
Jiammer^ the anvil^ and, the hone ; the latter 

abutting against a second membrane, which forms part of 
the posterior boundary of the drum. Beyond this mem-r 
brane is the labyrinth filled with water, and 'having its 
lining membrane covered with the filaments of the audi- 
tory nerve’. 

Every shock received by the tympanic membrane is 
transmitted through the series of bones to the opposite 
membrane ; tlience to tiie water of the lal^rinth, and 
thence to tb,e auditory nerve. • 

The transmission is not direct. * The vibratiotBhare in 
the first place taken up by c^jrtain bodies, which can swing 
sympathetically with tHem. These bojjies are of three 
kinds: the otolithes, which^are little crystalline particles; 
the bristles qf Max Scliultze; amd tfie ^bres of Corti’s 
organ. Thig latter is to all intents and purposes /i stringed 
instrument, of extraordinary complex^ity and perfection, 
placed within the ear. • . ^ * 

As regards our present subject, the strings of Corti’s 
orga>^probabJ.y play an especially Important part. That 
one string should respond, in some ineasure, to another, it 
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is not necessary that the unison should be perfect ; a cer- 
tain degree of response occurs in the immediate neigh* 
bourhood of unison. 

Hence each of two strings^ not far removed from each 
other in pitch, can cause a third string, of interjaaediate 
pitch, to respond sympathetically. And if the two strings 
be soundecf together, the .beats which they produce are 
propagated to the intermediate string. 

So, as regards Corti’s organ, ^hen single sounds of 
various pitches, or rather w]?en vd^rationg of various ra- 
pidities, fall upon its springs, the vibration^ are responded 
to by the particular string whose period coincides wdth 
theirs. And when twa sounds, close to each other in pitch, 
produce beats, the intermediate Corti’s fibre is acted on 
by both, and responds to the bejits. 

In the middle and upper portions of the musical scale 
the beats are most grating and harsh when they succeed 
each other at the rate of 33 per second. When they 
occur at the rate of 132 per second, they cease to be 
sensible. 

The perfect consonance of certaiiT pausical intervals 
is due to the absence of beats. The imperfect consonance 
of other intfjrvals is due to their existence. And here 
the overtones play a part of the^ utmost importance. For 
thougJrthe primaries^^^njay sound together iwithout any 
perceptible roughness, the ovgrtones may be so r^ated to 
each other "as to^ produce* harsh* and grati/ig beats. A 
strict.analysis of the* subject proves that intervals which 
require large* jiumbers* to express them jire invariably 
accompanied by overtones which produce bea^p ; while in 
intervals expressed ^y smaU numbers the beats are prac- 
tift,lly abpent. 

The graphic representation qf the consonances and dis- 
sonances of tne musical scale, by Helmholto, furnis^Js a 
striking proof of this elplanation. * 
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The optical illustration of the musical intervials has. 
heen effected in a very beautiful manner by Lissajous. 
Corresponding to each interval is a definite figure^ pro- 
duced by the combinatiom of its ^brations. 

The* compounding of vibrations has, of late^ years, been 
beautifully illustrated by apparatus constructed by Sir C* 
Wheatstone, . Mr. Herbert Airy, and Mr. A. E. Donkin 
and by the beautiful pendulum apparatus of Mr. Tisley. 
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Appendix *i. 

ON THE INFLUENCE OP MUSICAL SOUNDS ON THE FLAME 
OP A JET OP COAL-GAS. BY JOHN LECONTE, M,D.‘ 

A SHORT time after reading Prof. John l^dalFs excellent 
article ^ On the Sounds produced hj the Combustion of Gases 
in Tubes/ ^ I happened to be one of a party of eight persons 
assembled after tea for the purpose of enjoying a private 
musical entertainment. Three instruments wei*e employed in 
the performance of several of the grand trios of Beethoven, 
namely, the piano, violin, and violoncello. Two ^Jieh-tail * gas- 
burners projected from the brick wall nea^ the piano. Both of 
them burnt with remarkable steadiness, the windows being 
closed and the air of the room being very calm. Nevertheless 
it was evideflt that OTie of them was^under a pressure nearly 
su^cient io make it Jlare. t 

Sop^after the ifiusid commenced, 1 observed^, that the flame 
of the last-mentioned burner exhibited pulsations in height which 
were exactly syrkihronous with &e aiidible beats. This pheno- 
menon was very striking toeWyone'in the rooid\ and espQpially 
so when the strong^ notes qf the violoncello came in. It*was 
exceedingly interesting tcf observe how perfectly even the trzllf 
of this ins^ument we^ reflected on the sheet of fl^ame. A deo^ 
man might have seen^ the hari^^f^. As the evening ad||||^oed, 

\ This able paper was the sta^ingppoint of tlfb experiments on sensitive 
flames, r^ordedtin Lectures VI. and^YlI.; the researches of Thomas 
Yoiuig ^and Savart being tht starting-point of the experiments oijpf^oke- 
jets and water-jets. — J. T. •* 

* Philm Hag. S. 4, vol. xiii. p. 473, 1857. 
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and the diminished oonsumptioii in the city of gas increased ike 
pressure ^ the phenomenon became more conspicuous. T&e jump- 
ing of the flame gradually increased, became somewhat irregulaj*, 
and finally it began to flare continucmsly, emitting the charac* 
teristic ijDund indicating thfi escape of a grey^ten amount of gas 
than could be properly consumed. I then ascertained by ex- 
periment, that the phenomenon did not take plape unless the 
discharge of gas was so regulated 4)hat the flam% approximated 
to the condition of flaring. I like^>J[se determined by experi- 
ment, that the effects were no^ produced by jarring or shaking 
the fioor and walip of the room ^7 means of repeated concussions. 
Hence it is obv^us that the pulsatiofis of the fiame were not 
owing to indirect vibrations propagated through the medium of 
the walls of the room t 9 the burning apparatus, but must have 
been produced* by the direct influence of the aerial sonorous 
pulses on the burning jet. 

In the experiments of M« Schaffgotsch and Prof. J. Tyndall, 
it is evident that * the shaking of the singing flame within the 
glass tube,’ produced by the voice or the syi’en, was a pheno- 
menon perfectly analogous to what took place und»r my obser- 
vation without the intervention of a tube. In my case the dis- 
charge of gas was so regulated that there was a tendency in the 
flame to flare, or to^mit a ^ singing sound ' Under these cir- 
cumstances, strong lierial pulsations occurring at reg^dar intervals 
were sufficient to develop synchronous fluctuations in the 
height of the flame. It is probable that the ef^ts would be 
more striking when the tones of the musical ins^ument Yire 
marly in uni^n with the sounds wjii^ffi wtuld be pra4i|fi^d by 
the flame, under the»slight increase in the rapidity of discharge 
of gas, required to manifest tAe phenomenon*of flaring. This 
poii^ might b^ submitted *to an eiperimentRl test. 

As in Prof. Tyndall’a experiments oh the jet of gas burning 
within a tube, clapping of the hands,* shouting^il^c., were ineffec- 
tual in converting the ' silent ’ into the ^ singing |[ame,’ so in 
the ||se under consideration, sounds did not produce 
any perceptible influence. It seems to *be necessary tharAhe 
impulses shquld acrShmuUite^ in oi^er to exercise an appreciable 

V^b'th regard to the mode in whic)^ the sounds are product 
by the combustion of galbs in tribes, it is universally admitted 
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that the explanation given by Prof. Faraday in 1818 is essentially 
correct.* It is well known that he referred these sounds to the 
successive explosions produced by the periodic combination of 
the atmospheric oxygen with the issuing jet of gas. While 
reading Prof. J. Plateau’s^admirable researches (third series) on 
the ‘ Theory ^of the*Modifications experienced by Jets of Liquid 
issuing from Circular Orifices when exposed to the Influence of 
Vibratory Motions,’ ^ the idea flashed across my mind, that the 
phenomenon which had fallen under my observation was nothing 
more than ai 'particular case of file eflefits of sounds on aU kinds 
of fluid jets. Sul^sequent refl^ctidn has only^ served to fortify 
this first impression. ^ ^ 

The beautiful investigations of Felix Savart on the influence 
of sounds on jets of water, aflbrd results presenting so many 
points of analogy with their eflects on the jet df burning gas^ 
that it may be well to inquire whether both of them may be 
referred to a common cause. In order to place this in a striking 
light, 1 shall subjoin some of the results of Savart’s experiments* 
Vertically descending jets of water receive the following modifi- 
cations under the influence of vibrations - 

1. The continuous portion becomes shortened; the vein 
resolves itself into separate drops nearer the orifice ^han when 
not imder the influence of vibrations. ^ 

2. Each of the masses, as they detach themselves from tho 
extremity of the continuous part, becomes flattened alternately 
in a vertical and horizontal direction, presenting to the eye,, 
under the influence of their trandatory motion, regularly dis- 


posed j^es of mammae and pinima of thickn^, or ventral 
segments and nodes. 

3. The foregoing modificatioifs be^me much more developed 
and regular when a iv)te, in Unison with that which would be* 
produced by the shock 6f the (flsco^tinuous part of the^jet 
against a stretched membrane, is sounded in its neighbourbood. 
The continuous part becomes considerably shortened, and tho* 
ventral segments are enlarged. ^ * 

^ 4. When the notd of t^je instrument is almost in unison^ 
the contiiluous part the •jet is alternately lengthened and 
shortened} and d)he beats^which coincide with these varia^ona 
in lefigth can he recognis^ hy the ear. ‘ ^ 


* PHI. Mag. S. 4, vol. xiv. p. l*et seq.^ July 1867. 
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5. Other tones act with less energy on the jet, and somo 
produce no sensible effect. * 

When a jet is made to ascend obligtielt/, so that the discon- 
tinuous part appears scattered into ^ kind of sheaf in the same 
verticaliplane, M. iSavart found,— ^ 

a. That under the influence of vibrations of a determinate 

period, this sheaf may form itself into tioo distipct jets, each 
possessing regularly-disposed ventl^il segments and nodes ; some- 
times with a different no^de, th^shea^ becomes replaced by three 
jets. , , 

b. The note which p]|;oduces the greatest shortening of the 

continuous part) always reduces the whole to a single jet, pre- 
senting a perfectly regular system of ventral segments and 
nodes. . , 

In the last memoir of M. Savart — a posthumous one, pre- 
sented to the Academy of Sciences of Pfiris, by M. Arago, in 
1853,^ — several remarkable acoustic phenomena are noticed in 
relation to the musical tones produced by the efflux of liquids 
through short tubes. When certain pi-ecautions and conditions 
are observed (which are minutely detailed by this* able experi- 
mentalist), the discharge of the liquid gives rise to a succession 
of musical tones of great intensity and of a peculiar quality, 
somewhat analogoustto that of the human voice. That these 
notes were not produced by the descending drops of the liquid 
vein, was proved by permitting it to discharge itself into a 
vessel of water, while jthe orifice was below the Surface of the 
latter. In this cJwe the jet 3f liquid must have he^ricontinuduSy 
but nevertheless the notes were pjgoJucedR These ifla^jypected 
results have been enlirely^confirmed by the more recent experi- 
ments of Profj Tyndall.* • • » 

^According to the researches of !lM. Platerfu, all the phenomena 
of the influence of vibrations on jets of liquid are refemble to 
the conflict between the vibration! and forces of figure, 
forces fi/g^atrices '). If the physical ^act is adm^ted — and it 
seems to be indisputable — that a liquid cylinder attains a limit i 
of stability when the proportiont between its length and«its 
diameter is>in the ratio qjT 22 to 7, it is almost V ^physical 

* \lomptes Hendus for Augu&t 1853, /flso Phil. Mag. S. 4, \yl. vii. 
p. 186, 1854. , 

- Phil. Mag, S. 4, vol. viii. p. 74, 1854 
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necessitv that the jet should assume the constitution indicated 
by the^ observations of Savart. It likewise seems highly 
probable that a liquid jet, while in a transition stage to discon- 
tinuous drops, should be gzceedingly sensitive to the influence 
of all kinds of vibrg.tions. It Vnust®Tbe confessed, howeY©r, that 
Plateau’s beautiful and coherent theory does not appear to 
embrace Sav^rt’s last experiment, in which the musical tones 
were produced a jet of water issuing under the surface of the 
same liquid. It is rather jlifBciflt to imagine what agency the 
^ forces of figure ’ could have, uivler such circumstances, in the 
production of the phenomenon. i^This purious experiment tends 
to corroborate Savart’s original idea, that the '\ubrations which 
produce the sounds must take place in the glass reservoir itself, 
and that the cause must be inherent in the phenomenon of the 
flow. 

To apply the principles of Plateau’s theory to gaseous jets, 
we are compelled to abandon the idea of the non-existence of 
mohcuh/r cohesion in gases. But is there not abundant evi- 
dence to show that cohesion does exist among the particles of 
gaseous masses ? Does not the deviation from rigorous 
accuracy, both in the law of Mariotte and of Gay-Lussac, — 
especially in the case of condensable gases, as shoW’n by the 
admirable experiments of M. Begnault,-, -clearly prove that 
the hypothesis of the non-existence of cotf^sion in aeriform 
bodies is fallacious ? Do not the expanding rings which ascend 
when a bubbld of phosphuretted hydrog^ takes fire in the air, 
indicate the« existence of some cohessve force in gaseous product 
of coi]|]jp0ltion (aquedlis Vkfvpur), whose outlines are marked by 
the opaque phosphoric add ? In shoyt, do6s not the V0ry form 
of the flame of a*‘ fish-tail ’ burner demonstrate ^that cohesion 
mmt exist among tile •paiticles of th6 issuing gas ? It is well 
knownHhat in this burner the single^ jet which issues is formed 
-by the union of two ohliq'iSe jets immediately before the gas is 
emitted. Tfie result is ^ perpendicular sheet of flame. How is 
such a result produced by the mutual action of" two jets, unless 
thefc?force of cohesion m brought into play ? Is it not obvious 
that such a fan-like flame must be produced by the jsame causes 
as those v&ried tod beaiittful forms of aqueous sh^ts, devdc^ed 
in th6 mutual action of jets of water, so strikingly exhibited by 
the expenments of Savart and of Magnus I 
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If it be granted that gases pbssess molecular cohesion, it 
eeems to be physically certain that jets of gas must b# subject 
to the same laws as those of liquid. Vibratory movements 
excited in the neighbourhood ought Jherefore to produce modir 
fication^ in them ai^ogouif to those recorded by M. Savart in 
relation to jets of water. Flame or incandescei^ gas presents 
gaseous matter in a visible form, admirably adapted for experi- 
mental investigation; and wlien^iyroduced hy^a should be 
amenable to the principles of Plate|u’s theory. According to 
this view, the pulsations or heq,tB which I observed in the gas- 
flame when und^r the ii^fluen<^ of musical sounds, are produced 
by the conflict Ijetween the aerhil vibfations and the ‘ forces of 
figui’e* (as Plateau calls them) giving origin to periodical 
fluctuations of intensity, depending on the sonorous pulses. 

If this view is correct, will it i?ot be necessary for us to 
modify our ideas in relation to the agency of tubes in develop- 
ing musical sounds by means of burning jets of gas ? Must w© 
not look upon all burning jets — as in the case of water-jets — as 
musically inclined \ and that the use of tubes merely places 
them in a condition favoimable for developing the •tones % It is 
well known that burning jets frequently emit a singing sound 
when they are perfectly free. Are these sounds produced by 
successive explosioi^ analogous to those which take place in 
glass tubes 1 It ^s very certain that, under the influence of 
molecular forces, any cause which tends to elongate the flame, 
without aflecting the ^locity of discharge, must*tend to render 
it discontinuous, *and thus bring about that mixtu^ of gas*^nd 
air which is essential to the produQtidh of*the explosi©^ The 
influence of tubes, 4s welj as aerial vibrations, in establishing 
the condition of things, is sufficiently obvious. Was not the 
^ leaded line^ with its Succession of ‘ ♦ufhinous stars,' which 
Prof. Tyndall observed when a Af^me of olefiant gas, burning in 
a tube, was ejtamined by means of & moving jnirror, an indica- 
tion that the flame became discontinuous^ preciseljj as the con- 
tinuous part of •a jet of water becomes shortened^ and resolved 
into isolated drops, under the influence of sonorous pulsations ] 
But I forbear enlarging oq this Very interesting subject, inas- 
mwsli as the accomplished physicist ^t named has ^x>mi8ed to 
exaidine it at a future period. In t^e hands of so sagacious a 
philosopher, w© may anticipate a most searching investigation 
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of the phenomena in all their relations. In the meantime I 
-wish to %all the attention of men of science to the view pre- 
sented in this article, in so far as it groups together several 
classes of phenomena unde^ one head, and may be considered cw 
pirtial generalisaticjm. © o 

i'Vc#?// Silliman’s American Journal for Jannevry 1858. 


APPENDIX II. 

ON ACOUSTIC REVERSIBILITY.'’ 

On the 21st and 22nd of June, 1822, a Commission, appointed 
by the Bureau des Longitudes of France, executed a celebrated 
series of exi>eriments on the velocity of sound. Two stations 
had been chosen, the one at Villejuif, the other at Montlh4ry, 
both lying sotith of Paris, and 1 1 *6 miles distant from each 
other. Prony, Mathieu, and Arago were the observers at 
Yillejuif, while Humboldt, Bouvard, and Gay-Lussac were at 
Montlh6ry. Guns, charged sometimes with^ 2 lbs. and some- 
times with 3 lbs. of powder, were fired at both stations, and the 
vcslocity was deduced from the interval between the appear- 
ance of the fia^ and the arrival of the sound. 

On this memorable occasion it V^as noticed that while every 
report^ the cannon*" fired «,t Montlhery was heRrd with the 
greatest distinctness at Villejuif, Jiy far the*^'eatest number of 
the reports from** Villejuif fiulfed to *reach Moi\tlh6iy. Had 
wind existed, and had'" it J)lown fj;om Montlhery to Villejuif^ 
it wouM have jbeen recognised as thS cause of the observed 
difference ; but the air at the time was calm, the'^slight motion 
of translatio^i actually existing being from Villejuif towards 
Montlhery, or against ^the direction in which the sound was 

bes^ heard. * • 

*- 1 ® 

So marked was the difference in transmissive power between 

the two directiofis, that on J une 22, while every shot fi^^ at 
Monthi^ry was heard *a fiaerveille’ at Villejuif, but one shot 
* Proceedings of the Boyal Institution , Jannar3" 15, 1875. 
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put of twelve fired at Villejuif was heard, and that feebly, at 
the other station. • 

Arago in his report ^ made no attempt to explain thia 
anomaly. His words are ; — ^ Quant aux differences si remarqu- 
ables d'intensite que le brfiit du canon a toujours pr^senteea 
suivant qu'il se propageait du nord au su3 enti^ Villejuif et 
Montlhery, ou du sud au nord entre cette seconde station et la 
premiere ; nous ne chercherons f)as aujourd’lfui k Pexpliquer, 
parce que nous ne pouriions offrir^ au lectenr que des conjec- 
tures denudes de preuves.' ^ 

Some years ,ago I tried bring thii^ subject within the 
range of experiment. T£e first step wife to ascertain whether the 
sensitive flame, referred to in my recent paper in the ‘ Philoso- 
phical Transactions,’ could be safely employed in experiments 
on the mutuaf reversibility of a courSe of sound and an object 
on which the sound impinges. How, the sensitive flame usually 
employed by me measures* from 18 to 24 inches in height, 
while the reed employed as a source of sound is less than a 
square quarter of an inch in area. If, therefore, the whole 
flame, or the pipe which fed it, were sensitive to sonorous 
vibrations, strict experiments on reversibility with the reed 
and flame might be difficult, if not impossible. Hence my 
desire to learn whe^er the seat of sensitiveness was so localised 
in the flame as to •render the contemplated interchange of flame 
and reed permissible. 

The flame being placed behind a cardboafd screen, the 
shank of a funndl passed through a hole in the c^rdboard^was 
directed upon the middle of-*thq flam^ The scwqi^ waves 
issuing ^from the ^brat^g reed, placed within the funnel, 
produced no sensible effect.* • Shifting the^ funnel so as to 
direct its shank upon tlie root* of the* flhme, the action was- 
violent. • . * * * • • 

TTo augment the precision of th# experiment, the funnel waa 
connected with a glass tube 3 feet long and half an inch in 
diameter, the object being to '\veaken,1by distance, the effect of 
the waves diffr&cted round the edge of tlie funnel, and to pewnih 
those only vbich pi&sed through \he glass tube to aht upon the 

* , • * 

^ • # 

* ResearcJies in Chevnxtrff anil PJtfsivft, r». 484. 

* Cmnaigsance drH 1826, p. 870. 
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Fresenting the end of the tube to the orifice of the burner^ 
b (fig. 1]^ or the orifice to the end of the tube, the fiame was 
violently agitated by the sounding-reed, R. On shifting tl e 
tube, or the burner, so as to concentrate the sound on .a portion 
of the flame about half an inch vibovl the office, the action was 
nil: Concenl 9 :itting the sound upon the burner itself, about 
half an inch below its orifice, there was no action* 

These experiments demonstrate the localisation of Hhe 
seat of sensitiveness,* and t^ey prove the flame to be an appro- 
priate instrument for the contemplated ‘ experiments on reversi- 
bility. 


Fig. 1. 



The experiments then proceeded thus : — The sensitive flame 
being placed behind a screen of cardboard 18 inches high by 
12 inches wide^ a vibrating reed, standing at the same height as 
the ppoot or the flame, was placed at diJktnce *of 6 feet on the 
other sideef the screen, ffhe SQund of the reed, ii^ this position 
produce! a strong agitation of the fiame. « 

The whole upper half of the ,fi!lme*;was here visible ^xim the 
reed ; hence the necessity of the fbregoing experiifients to prove 
the actipn of the sound dn ^he uppfr pqrtion of the flame to%e 
nilf and that thd yraves ha<h really to bend round the edge of 
the screen, so as to reach the seat of sensitiveness in the neigh- 
bourhood of ^he burner.* . ^ • 

^he positions of th# flame jand reed were reversed, the latter 
being now elose behind the sci een, and the former at a distance 
of 6 feet ffom it, The sonorous vibrations were without sens- 
ible aition upon the flame^ ^ , 

The experimiiit was repeated and varied in many ways. 
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Screens of various sizes were employed ; and, instead of re^ 
versing the positions of the dame and reed, the screen itself waa 
moved, so as to bring, in some experiments the dame, and in 
other experiments the reed, close behind it. Care was also 
taken that no redec^d soufid from ^e wa^ or ceiling of the 
laboratory, or from the body of the experimenter, should have 
anything to do with the effect. In all cases it was shown that 
the sound was effective when the* reed was at* a distance from 
the screen, and the dame dose behipd it ; while the action waa 
insensible when these pRsitionIwere reversed. 

’ A.2. 


AC B 

e 

Thus, let s e (fig. 2) be a vertical section of the screen.. 
When the reed was at A and the dame at B *there was no 
action ; when the reed was at B and the dame at A the action 
was decided. It may be added that the vibrations communi- 
cated to the screen ^tself, and from it to the air beyond it, wei'O 
without effect ; fcft* when the reed, which at B was effectual^ 
was shifted to C, where its action on the screen was greatly 
augmented, it ceased to have any action on the dam^.at A. 

We are^now,*! think, prepared to consider th^ failure <>f re- 
versibility in the larger experiments sf 18C2. Happtljy|n inci- 
dental observation f)f gr^t signidcance comes here to our aid,. 

It was observed and re^rd^d at the time that, while the 
reports of th% guns at Villejuif *were without echoes, a roll of 
ecnoes, lasting from 20 ;to i5 se^nds) accompanied every shot 
at Montlheryf being beard by the (Observers tib"ere. Arago, the 
writer of the report, referred these echoes to redection from the 
clouds — an explanation which J. thinkVe are now entitled to*> • 
regard as problematical. The report Ays that * tous les <wups. 

k Montlh^ry / 4taient accofnpagTiis d’un roulement sem- 
bl^ble k celui du tonnerre.^ I have ^italicised a verf signidcatit 
worQ^a wofd which fairly applies tp our experiments dh gun- 
sounds at the South Foreland, where there* was no sensible 
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interval between explosion and echo, but which could hardly 
apply Uf echoes coming from the clouds. For, supposing the 
clouds to be only a mile distant,^ the sound and its echo would 
have been separated by an interval of nearly ten seconds. But 
there is no mention of a£y interval ; and^ had such ^existed, 
surely the wprd ‘Allowed,’ instead of ^accompanied,’ would 
have been the one employed. The echoes, moreover, appear to 
have been contiTbuotis, while the clouds observed seem to have 
been separate. ^ Ces ph6ip)m6nes,’ says Arago, ‘ n’ont jamais 
eu lieu qu’au moment de I’appaiftjon de'quelques nuages.’ But 
from separate cloudy a continuous roll of echpes could hardly 
come. When to this is added the experimental^fact that clouds 
far denser than any ever formed in the atmosphere are de- 
monstrably incapable of sensibly reflecting sound, while cloud- 
less air, which Arago pronounced echo-less, has* been proved 
capable of powerfully reflecting it, T think we have strong 
reason to question the hypothesis of the illustrious French 
philosopher. 

And, considering the hundreds of shots flred at the Soutli 
Foreland, with the attention especially directed to the aerial 
echoes, when no single case occurred in which echoes of measur- 
able duration did not accompany the report of the gun, I think 
Arago’s statement, that at Yillejuif no echqps were heard when 
the sky was clear must simply mean that they vanished with 
great rapidity. Unless the attention were specially directed to 
the point, a slight prolongation of the cannon-sound might well 
escape observation ; and it would be all the ihore .likely to do 
so if tj^eohoes were «o lond^and prompt as to form ap^rehtly 
part a^ paicel of the direct sound, ^ ^ 

I should be very loth to tran^gi*ei|S here the limits of fair 
criticism, or to threv(. doubf, without good I'dkson, on the 
recorded observations of lUustriods nydn. Still, taking into 
account what hab Just" been^ stated, and remembering that ’the 
minds of Arago and his colleagues were occupied by a totally 
diflbrent prol^lem — ^that the echqes were an incident rather than 
an qlbject of observation — I ijnnk we may justly consider the 
sound whidh he called* ^ insHintaneoiis ’ al one \^ho8e aerial 
echoes did Hot differentiate themselves from the direct soun^ 
any noticeable fcdl of intensity, and which rapidly died^into 
silenoe. * * 
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Turning now to the observations at Montlheiy, we are 
struck by the extraordinary duration of the echoes heard at 
that station. At the South Foreland the charge habitually 
fired was equal to the largest of those employed by the French 
philosophers ; but on no cy^casiqn did the gun -sound produce 
ochoes approaching 20 or 25 seconds dftration. The time 
rarely I'eached half this amount. Even the syren-eclioes, which 
were more remarkable and morp long-contirjued than those 
of the gun, never reached the duration of the Montlh^ry 
•echoes. The nearest approach 4o it*was on October 17, 1873, 
when the syren-echoes requii^d 15 seconds to subside into 
silence. * • * • 

On this sanfb day, moreover (and this is a point of marked 
significance), the transmitted sound reached its maximum 
range, the gun-sounds *being heard at the Quenocs buoy, 16^ 
nautical •miles from the South Foreland. 1 have stated in 
another place that the duration of the air-echoes indicates * the 
atmospheric depths’ from which they come.' An optical 
analogy may help us here. Let light fall upon solid chalk, the 
light is wholly scattered by the superficial partiples ; let the 
chalk be powdered and mixed with water, light reaches the 
^ observer from a far greater depth of the turbid liquid. The 
solid chalk typifies the action of exceedingly dense acoustic 
clouds; the chalk |iild water that of clouds of more moderate 
density. In the one case we have echoes of short, in the other 
echoes of long, duration. These considerations {prepare us for 
the inference that Mon^lh^ry, on the occasion refeixed to, must 
havet been Isurrounded by a highly^ die^oustic atgiorahere ; 
while the 8h(&*tne88 ^of the echoes Vt Yillejuif shows ^t the 
atmosphere surrounding that station must ha\e been, in a high 
degree, acoustically opaqu^. • • ^ • 

• oHave we any clue to the eause of«the opacity 1 1 tt(^k we 
»hav§. Yillejuif is dose lo* Paris, &nd over it, ^th the obeerved 
light wind, was slowly wafted the air from the city. Thousands 
of chimneys*to jirindward of - Yillejuif evere disehliging their 
heated currents.; so that an *exceedi]igly non-homogenepus 
atmosphere probables surrounded ^that latation.^ A^ no great 
he^ht in thd atmosphere the equilibiium of teiqperature would 

• page SfiS. • 

* The effect of the air of •London is sometimes strikingly evident. 
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be established. This non-homogeneous air surrounding Yille* 
juif is ejlperimentally typified by our sci'een, with the source of 
sound close behind it, the upper end of the screen representing 
the place whei'e equilibrium of temperature was established in 
the atmosphere above the Station, dn virtue of its proximity 
to the screen,^ the e^oes from our soundin^-reed would, in the 
case here supposed, so blend with the direct sound as to be 
practically iimis^inguishable from it, as the echoes at Villejuif 
followed the direct sound so hotly, and vanished so rapidly, 
that they escaped observation.^ And as our sensitive flame, 
at a distance, failed., to be affected by the sounding body placed 
close behind the cardboard screen, so, I take it, did the 
observers at Montlh^ry fail to hear the sounds of the Yillejuif 
gun. 

Something further may be done towards the expmmental 
elucidation of this subject. The focility with which sounda 
pass through textile fabrics has been already illustrated,^ a layer 
of cambric or calico, or even of thick flannel or baize, being 
found competent to intercept but a small portion of the sound 
from a vibrating reed. Such a layer of calico may be taken to- 
represent a layer of air, differentiated from the air adjacent by , 
temperature or moisture ; while a succession of such sheets of 
calico may be taken to represent successive layers in non-homo- 
geneous air. 

Two tin tribes, M N and O P (fig. 3), with open ends were 


Fig. 3. 



pla&d so ai| to form an ^ute^ angle with e 5 ich other. At the 
end of ong! was the vibrating reed ; opposite the' end of the 
other^^and in the prolongation of P O, the sensitive flam< 7 ^ a 
* Phil, Trm$\ 1074, pt. i. p. 203, and Lecture VII. of this volume. 
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second sensitive flame (f) bein^ placed in the continuation of 
the axis of M N. On sounding the reed, the directs sound 
through M N agitated the flame/". Introducing the square of 
calico ah at the proper angle, a slight decrease of the action on 
/ was noticed, and the feeWe ecjio fh)m ah produced a barely 
perceptible agitatioif of the flame /. . AddSig another square, 
cd, the sound transmitted by ah impinged on cd ; it was partially 
echoed, returned through ah, passeyi along P O, An^ still further 
agitated the flame /. Adding a third square, e/, the reflected 
sound was still further augmexfted, every accession to the echo 
being accompanied by a coii^s^nding withdrawal of the vibra- 
tions from/, andf a cons^uent stillingaof that flame. 

With thinne? calico or cambric it wouM require a greater 
number of layers to intercept the entire sound ; hence with such 
cambric we shooild have'* echoes returned from a greater distance, 
and thenefq]*e of greater duration. Eight layers of the calico 
employed in these experiments, stretched on a wire frame and 
placed close together as a kind of pad, may be taken to represent 
a dense acoustic cloud. Such a pad, placed at the proper angle 
beyond N, cuts off the sound, which in its absence ^•eache8/, to 
such an extent that the flame /, when not too sensitive, is 
^ thereby stilled, while J is far more powerfully agitated than by 
the reflection from a single hiyer. With the source of sound 
close at hand, the epfloes from such a pad would be of insensible 
duration. Thus close at hand do I suppose the acoustic clouds 
surrounding Yillejuif to have been, a similar shortness of echo 
bein» the consequence. • ^ * 

^.^furthef step is here taken in the Uhist^ation of tl^a^logy 
tween light^ and ^Ound. Our p3d acts chiefly by internal 
Sectioifl The sound freftn t^ie reed is a con^posite one, made 
lip of partial jsounds difi|ring im pitch. , iSf these sounds be 
dpeted from the pad in^ thesir pristiher proportions, the«p^d is 
, acoustically white ; if they ifeturn wi^ theiV proportions altered, 
pad is acoustically coloui'ed, 

I In these expeyiments my assistant. Ml*. Cotti*ell, lias rendered 

B material assistance. * 


i Since this* was written I Jia\N0 sent the sound threunrh fifteen layers 
of c^i?,o^ and ectoed it back through the same layers, in strength suflicient 
to agitate the flanie. Thirty layers -were here crossed Ijy the sound. 

G G 
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Note, Jwm 3. — I annex here a sketch of an apparatus 
devised ^by my assistant and constructed by Tisley and Spiller, 
for the demonstration of the law of reOection of sound. It 
consists of two tubes (af, be), with a source of sound at the end 
R of one of them, and a sewitive flaijie at the end f of ilie other. 
The axes of the tifbes converge upon a mirror m, and ^hey are 
capable of bSing placed so as to enclose any required angle. 
The angles oi^ incidence and reflection are read off on the gradu- 
ated semicircle. The mirror m is also movable round a vertical 
axis. ^ o © 


fc c- 



jRemarkftble Instances of^AcotuStic Opacity, 

For tljp followinij account gf the battle of Gjpin's Farm, I 
jiin iiwlebted to the Rector 4f tbe University of Virginia 

W^iynchburgli, Virgiaia : 

• ‘]Vflirch 19, 1874. 

* Sifi,— I have just read yith gr^at interest your lecture of 
January 16, on ihe acousfic transparency and opacity o^ the"^ 

sound was snf)sequently fdfcnd able to p(?notpate two^ hundred layers of 
cotton net; a single liiyer pf wetted balico being competent to stop it. 

S^ord Rayleigh, for whqjsc jud^ent I have gie grcatcsC respect, has 
questioned the foregoing explanation of tl\p phenomena recorded by Arago. 
Whatever becomes of the explanation, the facts above ^ 

and fCJ their sake I retain the^ paper. 
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atmosphere. The remarkable observations you mention induce 
me to state to you a fact which I have occasionally mentioned, 
but always, where I am not well known, with the apprehension 
that my^ veracity would be questioned. It made a strong im- 
pression on me at the time, Jjut was an insoluble mystery until 
your disciourse gave fiie a possible solution. 

‘ On the afternoon of June 28, 1862, I rode,^in company 
with General G. W. Randolph, then Secretary of ^War of the 
Confederate States, to Price’s house, about nine miles from 
Richmond. The evening befors, GAieral Lee had begun his 
attack on McClellan’s arnr^y, 7l)y crossing the Chickahominy 
about four miles above Pi?ice’s, and dri'iing in McClellan’s right 
wing. The battle of Gair»’s Farm was fought the afternoon to 
which I refer. The valley of Chickahominy is about one and 
a half mile wide from hill-top to hilL-top. Price’s is on one 
hill-top, that nearest to Richmond; Gain’s Farm, just opposite, 
is on the other, reaching back in a plateau to Cold Harbour. 

c Looking across the valley I saw a good deal of the battle, 
Lee’s right resting in the valley, the Federal left wing the 
same. My line of vision was nearly in the lino of , the lines of 
battle. I saw the advance of the Confederates, their repulse 
two or three times, and in the grey of the evening the final 
retreat of tiie Federal forces. 

‘ c I distinctly sjxwthe musket fire of both lines, the smoke, 
individual discharges, the flash of the guns. I saw batteries of 
artillery on both sides coirip into action find ^ fire rapidly. 
Several field-batteyies ou each side were plainly in sight. Mf^ny 
more ^ were hid by the timber whic^ bopnded the, range of 
vision. j ^ \ * o 

‘Yet looking for nearly two hours, from about 5 to 7 r.M. 
on a midsummer afternoon, at a b^^-ttle in wiich at least 50,000 
mer.were actually engaged, and doubtless .at least 100 pieces of 
fjeld-^irtillery, through an atmosphere cptically> as limpid as 
possible, not a shigle sound of the battle was audible to General 
Riindolph and myself. I remarked it io him at the time as 
astonishing. , , ^ ^ 

* Between me and> the battle was the deep broad valley of 
the Chickahominy, partly a^swamp shaded from thejdeclining 
sun' by the hiUs and forest in the wefcrt (my side). Part o/ the 
valley on each side of the swamp was^cleared ; ^some in cultiva- 

o G 2 
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tion, some not. Here were conditions capable of providing 
severaljbelts of air, varying in the amount of watery vapour 
(and probably in temperature), arranged like laminaB at right 
angles to the acoustic waves as they came from the battle-held 
to me. 

* Res])ectfully, 

‘ Your obedient servant, 

‘ R. G. H. Kean, 

‘ Professor John Tyndall/ * 

€ ^ 

I extract the following fron^ l!lr. Archibald Forbes’s 
* Experiences of the War between Frajice and* Germany ’ ; — 

‘ Before ton o’clock on the morning of the Sith, the air, thick 
with fog, was burdened also with a sound to which one could 
not well give a name. . ^ . The morning of thg 6th presented 
a remarkable contrast in every respect to that of the preceding 
day. The latter had been cold to chilling of the man*ow of the 
bones, and so thick that nothing“was to be seen half a mile 
away. The former was clear, bright, and warm as a morning 
at the end of March. Yesterday the air was charged with 
sound ; to-d«4y there reigned the stillness of an Arcadia that 
knows no war. Men looked at each other in blank amazement. 
Had Paris, forts, big guns, bombardment, and thd non-bom- * 
bardment on the eastern side alike been ispirited away ? . . 
Determining to anticipate by personal investigation informa- 
tion which was kindly promised me, I I'ode off to the front of 
Montmorency, whence there lay spread^Jbufore the eye the wide 
panorama of the north side of Pkris. Still, all was silent as 
the graved . . . There I fovnd* three mounted mai, and we had 
a little talk about the position. ,Th€^ inefined to the girmistice 
negotiations theory ,^as they hfxd not «heai:d a single shot since 
morning. As we spoke, tj;iere can^e a" white jet of smoke oijjtj of 
the grey side of La Briche. i No saufid — for all the noise it 
made, it might h!h vo been aJii escape of steam . . . I came on 

to Goncsse*. alone. WJiat was my surprise to 'find all the 
German batteries froip Gonesse to Sevran fiHng away vigor- 
ouSly! Tl^eyhad beeiicat ifjsince eight in the morning. In 
Gonesse learned that the firing on. the south side was believed 
to have re-commenced at the same hour, and was certainly going 
on. Sfet at Ma^encey aitd Montmorency we coiild not iiear a 
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sound. It was all owing to the air; it was to-day as non- 
conducting of sound as it had been the reverse yesterday. 
Even in Gonesse we could not hear the guns that were 
thundering, so to speak, at pur elbow#.’ 

The Duke of Argyll has favoured me with the following 
very interesting account of his experience as to the penetrability 
of fog by sound. * This fact,’ says his Grace? ‘1 have long 
known from having lived a great pajt of my life within four 
» miles of the town of GreAiock,^&cross the Frith. Shipbuilding 
goes on there to^ a great extc|it, and the Jiammering of the 
caulkers and buydersis a sound which T have been in the habit 
of hearing with every variety of distinctness, or of rot hearing 
at all, according to the ^ state of the atmosphere; and I have 
always observed on days when the air Vas very clear, and every' 
mast and* spar was distinctly seen, hardly any sound was heard ; 
whereas on thick and foggy days, sometimes so thick that 
nothing could be seen, every clink of every hammer was 
audible, and appeared sometimes as close at hand.’ 

The Rev. George H. Hetling,of Fulham, has also written to 
me, with a circumstantiality which leaves no room for doubt, 
that he has heard the Portland guns at a distance of 44 miles 
through a dense fo§.^ 
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Gaptef Dunloe, echo in the, 17 
Gases, vclocii^y of sound in, 36 
— expansion of, ly radiant heat, 
219 

— table of the ^soiptive power of 
• gases, 222 

— giusical sounds extracted from 
vapours and gases, 224 
Gladstone, Dr., on the acoustic opa- 
city of fog^ 289 

Gun,^ango of, for fog-signals, 296 
- inferiority to the syren, 360 
— its disadvantages as a signal, 350 
Gun-cotton superior to gunpowder as 
a Stmnd- producer, 352 


H ail, doubt as to its pow'er to 
obstruct sound, 324 
Harmonic sounds of flame, 245 
— tones of strings, 114-5 
Harmony, 394 ^ 

— notions of the Pythagoreans, 394, 
402 

— Euler’s theory, 394, 402 
— conditions of harmony, 394 
— influence of overtones on har- 
mony, 412 

— graphic representations of con- 
sonancemnd dissonance, 413-4 
Harmonica, the giSss, 136 
Hawksbec, his experiment on s#und- 
ingj bodj^'S placed in^acuOf 6 
Hiring, mechanism o^ 407 
Heat, thermal changes in the air 
produced bj the sonorous wave, 
•. 26-7 ^ 

— ijilm%f specific heats at constant 
pressure and at co^aatant vol- 
* f um6 deduced from velocities of 
sound, 3f 

-- mechanical '.equivalent of heat 
didneed from this ratio, 33 
- infeaence that atmospheric air 
• pps«es8es no sensible po\<%r to 
* radiate heat. 34* 

— musical sojjnds produced by 
• heated bars, 51 

Hi^mholtz, his theory of rlsultant 
Itones, 389- * 
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HelmhollB, his theory oi' consonance, 
398-400 

Henry, Prof. J., his steam-syren for 
use in lighthouses, 291 
Ilerschel, Sir John, his articfb on 
‘ Sound,’ quoted, 18 <*' 

— his account Arago’s observa- 

tion oil velocity of sound, 310 
Hctling, Kev. instance qf 

the penetrability of fog by sound 
noted by, 463 0 

Hooke, Dr. R<jbert, bis anticipation 
of the stethoscope, 41 

— his production of mhsical sounds 

by the teeth of a rjfating 
wheel, 50 

Horn, the, as an instrument for fog- 
signalling, 295 

Hughes, Prof., his microphone de- 
scribed, 205-6, 233 
Hydrogen, action of, upon the voice, 9 

— deadening of sound byi 7-8 

— velocity of sound in, 23, 36 

INFLECTION of sound, 21 
X — case of the'Erith explosion, 21 
Interference of sonorous waves, 363, 
391 

— extinction of sound by sound, 

365, 391 

— theory of beats, 367, 392 
Intervals, optical illustration of, 422 

J OULE'S equivalent, 34 

ffungfrau, echoes of tlie, 17 

* <u 

K ALEIDOPHO NE, Wli oatstori^’s, 
formation of, 130, 165 
Kundt, M., his experiments, 209 

i < 

L aplace, his correction of Newr 
ton’s formula Ifpr the velodty 
of sound, 26 

Leconte, Professor, ‘his observation 
upon sensitive naked flames, 250 
— on the influence of musiedt sounds 
®on the fl%me of a jet of coal-gas 
436-43 

Lenses, refnfttiou of sound by, 19 
Light, analogy between sound and, 
1^, 19 t 

— analogy of, 304-6 
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Lightliouses, different kinds of lamps 
used in, 284-6 

— illuminated by electricity, 286, 

287 note 

— Pn Canada and the United States, 

287 ® • 

Liquids, velocity of sound in, 37 

— transmission of musical soiiu^s 

thro^h, 76 ^ 

— expansion of liquids by radiant 

heat, 224 

— constitution of liquid veins, 270 
itfction of sound on liquid veins, 

232-3 

— Plateau’s theoiy of the resolution 

of a liquid vein into drops, 273, 
282 

— delicacy of liquid veins, 278 
Lissajous, M., his method of giving 

ojuical expression to tlie vibra- 
tions of a tuning-fork, 58 


ANOMETER employed in show- 
IrX ing that gases absorb radiant 
heat, 219 

Map illustrating experiments in fog- 
signalling, 293 

influence of sound-Shadow, 300 

Marsh gas, instrument for measur- 
ing its percentage in the air of a 
mine, 173 

Mayer, liis formula of the equivalent 
of lieat, 33 

Mcldo, H., his^ experiments with 
Vibrating strings, 103, 409 
, and witl[ sonoJous rip- 

ples, lug 

]S:^i^tali', velocity of sound trans- 
mitted through, 38 
-»-|determii{atiou of velocity in, 169 
Mferophone, the, description of, 4i05 
MoloqgiHr structure, influence o^ pn 
the velocity of sc und, 39 ' 

Monochord or sonometer, the, 83 
Motion, conveyed to 'the brain by 
the nerves, 1 ' 

— sonorous motidn. See Sound. 
Mouth, rosoeance of the, 196 
Music, physical difference betw'een 

noise and, 47, 80 

— a musical tone pi educed hr pe- 

riodic, noise by unperiodic, 
im'pulses, 48. S''' 
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Music : production of musical sounds 
by taps, 60, 80 

— production of musical sounds by 

puffs of air, 63, 80 

— pitchy and intensity of mufical 

sounds, 65, 57, 8u 

— description of the syren, 61 

— definition of an octave, 68 

— description of the double syren, 73 

— transmission of musical sounds 

through liquids and solids, 76 

— musical sounds producl^d from*| 

gases and vapours, 224 * ^ 

chords, 415 • • ■ 

— the diatonic stale, 415 

— 8ee also Harmony 
M usical-box, formation of the, 130, 

156 . 

Musical intervals optically illus- 
trated^ 422 • 

I^ERVES of the human T?ody, 
i.1 motion conveyed by the, to the 
brain, 1 

— rapidity of impressions conveyed 

by the, 1 note 

Newton, Sir Isaac, his calculation of 
I the velocity of sound, 26 
Nodes, 93 

— the nodes not points of absolute 

rest, 98 • 

— nodes and overtones of a tuning- 

fork, 137, 156 

— rendered visible, i36 

— a node the origin of vibfatioi^216 
Noiiie, physical difference between 

music and, %7, 80 •• 

• • • 

O CTAVE, definition of an, ^8 • 

Organ, vHbratiuns of llit lowdst 
I ‘«otes of the, 70 note • 

C^gan-pipes, 176, 210 * • 

— vibrations of stopped pipes, 178, 
210 

the Pandean pipes, 1 80 

open pi^es, 181, 211 ^ 

— state of th*e airin sounding pipes, 
183, 211 • 

— reeds and reed-pipes, 190 » , 

•Otplithes of the ear, 408 , 

53yeitones, dsHinition of, 114-5 
— relation of the point plucked to , 
the, 116 • 
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Overtones corresponding^ to the 
vibrations of a rod fixed at 
both ends, 126 

— of a tuning-fork, 1 37 
-rr Andered visible, 139 

— of rods ^brating longitudinally, 

166 • 

— of the syren, 399 

— influence ofaovfrtones on har- 

mony, 412 


P ANDEAN pipes, the, 180 « 

Parabcfllic mirrors, experiments 
wifn, 15 

Pliaros, an ancient, near Dover Cas- 
tle, 284 

Phonograph, the, description of, 
2(fb-9 

Piano, highest and lowest notes of 
the, 70 note 

Piano wires, clang of, 119 
— curves described by vi brating, 121 
Pipes. See Organ- pipks. 

Pitch of musical sounds, 55 
— illustration of dho dependence of 
pitch on rapidity of vibration, 
64 

— relation of velocity to pitch, 169 
— velocity deduced from pitch, 189 
Plateau, his theory of the resolution 
of a liquid vein into drops, 273, 
282, 439 

Py tluigorean^, no^ons of the, .regard- 
ing musical consonance, 394, 402 


ly ADIANT heat, conversion of, into 
XL sound, 217 

— expansionvf liquids and gases by, 

219 •. 

— g*liynimic absorption of, 225 
^ain, reputed power of obstructing 

/sound, 325, 

— artificial, passage of sound 

yirough,*329 « 

Kayleigh, Lord, his sensitive flame, • 

.., 263 * , 

^eedsiand reed pipeg, 190 

— the clarionet and flute, 193 
llefiection of £M>und, 18 

— ^from gases, 314 ^ 

aerial, prpved experimentally, 
320 
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Kefnwtio^ of sound, 19 

Resonance, 170 

Resonance of the air, 171, 230 

— of coal-gas, 173 

— of the mouth, 196 ® 

Resonators, 175 o 

Resultant tones, cdiscovery of, 384 

— conditions of their prod action, 384 

— experimentaWll lustrations, 385 

— theories of Young and Helmholtz^* 

388-90 

Reversibility, acoustic, 442-49 
, Reynolds, Pro., O., his opinion on 
the acoustic opacity of fog, 290 

— his explanation of the inflVftnce 

of wind on sound, 346 
Rijke's sounding flame, 243 
Robinson, Dr., his summary of 
existing knowledge of fog-^sig- 
nals, 287 

Robison, Professor, his production 
of musical sounds by i^uffs of air, 
53 

Rod, vibrations of a. fixed at both 
ends : its subdivisions and corre- 
sponding oveit<vnes, 126, 155 

— vibrations of a rod fixed at one 

end, 127, 155 

of rods free at both ends, 131, 

156 

S AV ART’S experiments on the in- 
fluence of sound on jets (*f 
Wilder, 438 

Schaffgotseh, Count, his neoustieex- 
periments on flames, 247 
Schultzo’s bristles in the ipechaidsm 
of hearing, *408 i 

Sea water, velocity <rf sound in, 37 
Sensitive flames, 250 ^ 

Smoke-jets, action of musical sounds . 
on, 268 

Snow, its reputed power to obstruct 
sound, 327 

Solids, velocity of sound transmitted 
throunb, 38 , t. 

— musical sounds translhitted 
through, 78 o 

— determination of velocity iip, 169 
Sonometer, or monochord, the, 83 
Sorge, his discovery of resultant 
tones, 384 ‘ 

Sound, jlJodiiction and propagati n 
of, 2, 43 !: 
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Sound : experiments on sounding 
bodies placed in vamo^ 6, 43 
• — deadened by hydrogen, 8 

— action of hydrogen upon the 
5 o voice, 9 

— propagatK^n of sound through air 

of varying density, 10 

— amplitude of the vibration of"^ 

sound wave, 11, 43, 47^, 

— the action of sound compared 

with that of light and radiant 
h^t, 13 

^ reflection of, 14, 43 
L- echoes, 17, 18, 43 

— sounds said to be reflected from 

the clouds, 18 

— refraction of sound, 19, 43 

— diffraction of sound, 21, 22 note 

— inflection of sound, 21, 43 

— influence of temperature on velo- 

city of sound, 22, 44 

— influence of density and elasticity 

on velocity, 23, 44 

— determination of velocity, 25, 44 

— Newton’s calculation, 26, 45 

— liHplace’s correction of Newton’s 

formula, 26, 45 

— thermal changes produced by the 

sonorous wave, 26, 4*5 

— ratio of specific heats of air de- 

duced from velocity of sound, 
31 

-mechanical equivalent of heat 
deduced from velocity of 
sonnj, 33 

— absence of radiati^’e power of 

air i] educed from velocity* of 
sound, 34 

— velocity of sound in AifFer^nt 

gases, 36, 46 

— — ‘in liguid* and solids, 
37-40, 46 

— influence of molecular structure, 

on the velocity of sound, 39, 46 

— velocity of sound transmitted 

through W’(K)d, 40, 46 

— physical distinc; ion betw’cen noise 

and music, 47 

— musical founds periodic, noise 

<pnperiodic, impulses, 48-9 

produced by taps, 50 

bjr puffs o€,nir, 53 ^ ' 

— pitch and intensity of musical 

Eouflds, 55, 60 
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Sound: vibrations of a tuning- fork, 56 

— M. Lissajous* method of giving 

optical expression to the vi- 
brations of a tuning-fork, 58 < 

— description of the syren, and <!e- 

finition of the wavo-lengtl^ 60 

— cle termination of th% rapidity of 

vibration, 65 

-• and of the length of the corre- 
sponding sonorous wave, 66 
^ variihs definitions of vibration 
and of sound-wave, 67 

— limits of range of hearing of the i| 

car : highest and deepest tonesg 
69, 70 note « ^ | 

— double syren, 

— transmission of musical sounds 

through liquids and solids, 76- 
79 

— the sonometel^, or monochord, 83 
— i vibrations of strings, 84 ^ 

— influence of sound-boards, 80-7 
--- laws of vibrating strings, 88, 

— direct and reflected pulses, 91 

— stationary and progressive waves, 

92-6 

— nodes and ventral segments, 93 

— application of the results to the 

vibration of musical strings, 
100 « 

— M. Meldo’s experiments, 103, 409 

— longitudinal aud tftinsverse im- 

pulses, 106 • 

— laws .of vibration thus demon- 

strated, 109, 122 

— harmonic tones of strmgs, 114, 

124 , • • 

— definitions of timbre, or quality, I 

of overtoifbs and e^ig, 1 14, 1 24 ^ 
-—relation of the point of string 
plucked to overtones, 1 fo • ^ 

— vibrations f/ a rod flked l)^th 
^ ends; its subdivisions and 

corresponding overtoiias. 126 
*-•- of a rod f^ed at one ciia, 127 
Cbladni’s tonometer, 1 29 

- Wheat st'jiiVs Kaleidoplionc, 130, 

156 e 

- vibrations ‘of lods free at both | 

ends, 134, 155 • 

nodes anc^ overtones of a tuimig- 
^ fork, 135-7, 166 

I- * r^derod visible, 137- 

^30, 136, 157 
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Sound : vibrations of square plates, 
139, 141, 156 ^ 

— of discs and bells, 146» 149, 167 

— sonorous ripples in water, 16 1,1 67 

— Faraday’s and Melde’s experi- 

• ments on sonorous ripples, 163, 
161, 147 

— longitudinal vibftitions of a wire, 

168, 229 

— relative velc^itifs of sound in 

* brass and iron, 160 

— examination of vibrating bars by 

polarised light, 167 

— determination of velocity in 

solids, 4 69 

— rd!4tion of velocity to pitch, 169 

— resonance, 170, 210 

of the air, 171, 210 

of coal-gas, 173, 210„ 

— rdlnforcemont of bell by reson- 

ance, 173 

— expenditure of motion in reson- 

anc%» 174 

— principles of resonance applied 

to organ-pipes, 176-190 
reeds and reed-pipes, 19f)-5 

— description of v^wel-sounds, 196 

— Kundt's experiments on sound- 

figures with tubes, 209 

— new methods of determining ve- 

locity of sound, 212-5 

— conversion of radiant heat into 

sound, 217 

— Kijke’s sounding fiame, 243 

— liarmonic iouiK^s of fiame, 245 

- action of extraneous sounds on 
flame, 247 • 

— cj^ver^’ng ancTdiv^rging sound 

• lenses, 264 * 

action of soulid on vertical an 1 
on obliqi^ jets, 276, 278 
^ - causes ^hat obstruct the pro- 
pafatfon of sound, 288 

— action of fog uiioii sou«d, 288 
^-^011 trad if to^ results of fog- 

signalling 303 

proposed sciutiou of contradic- 
t%ns of fog-signalling. 303 

— extrjiordinary cases of acoustic 

• oyacity, 304, 450 

^ experimental elucidation 

of, 448 . • 

— ^eat change of acoustiqtrans- 
0 parency, 306 

• • 
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Sound ; echoes from invisible acoustic 
clouds, aQi9, 357 

— report of Arago on the velocity 

of, 310 

— aerial echoes of, 312 

— demonstration of reflection A'om 

gases, 314 o 

— reflection frota vapours, 317 
heated air, 320 

— echo from flaa)e„ 321 

— investigations of the transmis^ 

sion of sound through the (at- 
mosphere, 324 

— action of hail and rain, 325 

— - action of snow, 327 o 

— passage through tissues, 

-- passage through artificial 
showers, 329 

— - action of fog, 331, 337 

fluctuations of bdlls, 832-6 *'• 

- action of wind, 343 

- atniosplieric selection, 347 

- law of vibratory motions in 

water and air, 359, 391 

— superposition of vibrations, 300 
interference and coiinndenco of 

sonorous wt^ves, 362-3, 391 

— extinction of "sound by sound, 

365, 391 

• - theory of heats, 367, 392 

action of beats on flame, 368, 392 

— - optical illustration of beats, 371, 

392 

- interference of waves from a 

vibrating disc, 3H 

from a tuning-fork, 376 

various illustrations of beats, 377 
--- resultant foiled, 354, iW3, 393 
conditions of uicir pro- 
duction, 384 ^ 

experimental illustrations, 

385 . 

theories of Youflg;^ and" 

Helmholtz, 388-90 ■ 

difference tonfie and'* sumrn^-^ 

tion tones, 393 *' 

- combination (^fmnsacalsounds, 394 
— sympathetic vibrations, 46*1 

— mode in which sonoroust^notion 

Ss communicated to the audi*: 
tory nerve, 408-12 

— instrument for ^he demonstra- 

tion of the law of roflcctiotf of 
softnd, 450 
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Sounds npise of battle unh^rdy 450 
Sound-boards, influence of, 86, 87 
Sound figures within tubes, M. 
p Kundt^s experiments with, 209j^ 
J 214 

pSoued-shadow, influence of, 298 

jYiap illustrating, ^00 

Soundless tones of General Duane, 
380 

Stars, Doppler’s theory of the 
coloured, 76 

Steam-syren, description of, 291 
: — conclusivo opinion as to its power 
efor a fog-signal, 352 
Stethoscope, Dr, Hook’s anticipa- 
tions of the, 41 

Stokes, Professor, his cxplanatipu 
of the action of sound-boards, 87 

— his explanation of the effect of 

wind on souno', 345 
Solids, transmission of sj musical 
soiTnds through, 78, 85 
Straw-flddle, formation of the, 136, 
156 

Strings, vibration of, 83 

— laws of vibrating strings, 88 

— combination of direct and rev 

flected pulses, 91 

— stationary and progressive waves, 

92 o 

— nodes and ventral segments, 94, 

95 

— division of fnusicjil strings, 101 

— experiments of M. Melde, 103 

— longitiulinal and transverse im- 

pulses, 1C6 

— laws of vibration thus demon- 

strated, 109, 123 

— harmonic tones of strings, 113, 124 

— tind>re, or qimlity, and (yertones 

tjnd clang, 114, 124 
-r- mingling* of overtones with fun- 
^ damental, 117 

— Die Eolian liarp, 120 

— Dr. Young’s experiments on^h’o • 

curves described by v'ibrating 
piano wares, 121 

— longitudinal vibrations of a wirt>, 

158 

i enj 

fixed, 162 

ends. ; 

free, 163 ^ - o 

Summation tones, 389 
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Sympfttliptic vibrations, 40^ 

in relation to the human ear, 

407; . 

gyren, description of the, 61 

— sounds, description of the, 64-5 

— its determination of the rate^of 

vibration, 65 • 

— i steam-syren iised in fog-signal- 
% ling, 291 

— the double syren, 73, 394 

— the echoes of the, 312 
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Telephone, Bell’s, 199 * 

— Edison’s, 201 ^ 

TiAbre, or quality of sound, defini- 
tion of, 114 

Tisley, Mr., his ^apparatui^ for the 
gompoqjidinfe of rectangular vi- 
brations, 428 

Toepler, M., his experiment on Jho 
rate of vibration of the flame, 245 
Tonometer, Chladni’s, 129 
Trumpets, range of, for fog-signals, 
296 

Tuning-fork, vibrations of a, 57 ^ 

— M. Lissajous’ method of giving 
optical expression to llio vi- 
brations, 58 

— strings set in motiou by tuning- 
forks, 104 

— vibrations of the tuning-forks as 
analysed by Chladni, 136 
— nodes and overtones of a Inning- 
fork, 137^ 156 ^ ^ 5 

— intprforonce of w.nves of the, 376 

r 

Y APOTTrS, reflection from,'*31i, 

Velocity of sounff, influence of 
temperature on, 22 3 

♦-^nrfluence of density and elasticity 
on, 23 * 

determination of, 25 
— Newton’s calculation, 26 
— velocity ofa sowid in diffijrent 
gases, 36 

— and transmitted through varans 
liquids tand solids, 37-8 
-y relative velocities of sound in 
Hrass an(f iron, 160 
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Velocity, relatidh of, tQ. pitch, 160 « 

— velocity deduced ^m 189 . 

— musical sounds > produced * fjpom 

vapours,' 224 

— sounds from water vapour, 227 
Ventml segments, 94 

Vertical jets^action of sound . on, 
275, 282 . • 

Vibrations of a tuning-fork, 67 

— method of giv^ng^iptical expres- 
• sion to the vibration's of a 

• tuning-fork, 68 ' 

— illustration of the dependence of 

pitch on rapidity of vibration, 
65 • 

- tb^^'ate of vibration determined 

by the syren, 65 

— determination of the length of 

the sound-wave, 66, 81 
-- va^i^nis definitions of vibrations, 
67, 81 

— the highest and lowest vibrations 

of orchestral instruments, of 
the organ, and of the piano, 
70 note 

- vibration of strings, 83 

— laws of vibratiuff strings, 88 

— direct and roflecTod pulses illus- 

trated, 91 

- application of the result to the 

vibration of musical strings, 
190 

— M. Meldo’s experiments on tho 

vibration of strings, 103 

— longitudinfi# and transverse im- 

pulses, 106 * 

— vibration of a red-hot trire. 
J08 . 

ws or vibration tlfUs demon- 
strated, log», 122 

— new mode determining the law 
^ of vitiation. Ill 

— harnifthlc* tones of strings, 113, 

^^24 • 

jribratidns of<n rod fixed art both 
ends ; its .^bdivisions and cor- 
responding^vertones, 1 26 

— vibrtftiions of a rod fixed at one 

endi 127 

Chladni ’s tonometer, 129 
Wheatstone’s l^aleidophone, 
130, 156 ^ • 

* — vibrations of rods free at both 
^ ends, 134, J56 ® 
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V ibratioiHB : nodes and overtonee ren- 
dered ^sible, 137, 139, 156,157 . 

— vibrations of square plates, 139, 

141. 166 

of discs and bells, 146, 149, 

167 • 

— loDgitudiaal vibrations of a wire. 

168, 229 • 

with one end fixed, 

162 So 

with both ends free, 

163 e 

— divisions and overtones of rods, 

vibrating longitudinally, 165 

— exnmin<ation of vibrtfting bars by 

polarised light, 167 

— vibrations of rods of wood, 169 

— vibrating columns of air, 177 

— vibrations of stopped pipes, 178 

— - 7 - of open pipes, 181 

— a node the origin of vibration, 216 

— law of vibratory motions in 

water and air, 369- e 

— superposition of vibrations, 362 

— theory of beats, 367 

— sympathetic vibrations, 406 

M. Lisstijous’ fnethod of studying 
musical vibrations, 416 

— apparatus for the compounding 

of reotatigular vibrations, 428 
Violin, formation of the, 86 

— sound- board of the, 86 

— the iron fiddle, 130, 155 
Voice, human, Mtion of hydrogen 

upon the, 9^ * 

— sonorous waves of the, 67 

— description of the organ of voice, 

194 r * % * 

— causes of the roughness of jSie 

•voice in colds,® 195 

— causes of the squiaking falsetto 

voice, 195 , > ,c r 

— Muller’s imitation of th% ^iqtion 

of the vocal chords, 196 

— formation of th% vow^l-soun^s, 

196 

— synthesis of^irowel- sounds. 197-8 

Vowel-flame, the, 260 ^ 

Vowd-sounds, formation of tlie, 196 

— synthesis 197-8 * ^ 
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W ATER-WAVE^, statifihary, 

phenomena of, 08 
Water, velocity of sound in, 36-7 
>’ — transmission of musical sounds, 
through, 76 

-T-^flfects of musical sounds on jets 
of watftr, 270 * 

. — delicacy of liquid veins, 271 
— theory of the resolution of^a 
liquid vein into dropsM273, 282 
— law of vibratory motions in 
water, 359 

Wiive-Ibngth, definition of, 60 
» — dibtermination of the length of 
S tly sonoroift wave, 66 
- definition of S(^oroiis wave, 67 
Wave-motion, illustration, 91-9^ 

— stationary wavei3, 95 
— law of, 359 • 

Waves of the sea, causes of the 
rc^ir of the breaking, b!^note • * 
Weber, Messrs., their researches oh 
wave-motion 96, 

Wotterhorn, echoes of the, 17 
Wheatstone, Sir Charles, his Kaleid- 
opbone, 130, 155 

— his apparatus for the compound- 
ing of rectangular vibrations, 
428 

Whistles, range of, for •fog-signals, 
296 

Wind, effect ’‘bo Sound, 343 
Wires. 8ce Springs 
W ood, Velocity of sound transmitted 
through, 40 

— musicijl bounds transmitted 
e through, 7it. 

— the elaque-hois, 135 ’ • 

— determifhflioii or velocity of 
^ ^ouud in wood, 169 • 

W oo l^toek Park, eclioes in, 18 

OyNG, Dr. Thomas, his , 
of the relatioiieof the poiift of* 
a string plucked to the overtones,. 
116 * 
on the curi*es defc*. it . ^ 

vibrating pfliiio ^ires, 121 
- his thcoi^ of resultant tones, 388 
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